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Session  Cochairmen: 

H.  Benson  Dexter,  NASA 

T.  Kevin  O'Brien,  Department  of  the  Army 


MATERIALS  AND  STRUCTURES  SESSION 


SUMMARY 


The  session  opened  with  an  overview  of  Materials  and  Structures 
Technology.  Primary  emphasis  was  on  advanced  composite  materials  because  of 
their  high  performance  potential.  Recent  developments  in  advanced 
aluminum-lithium  alloys  and  superplastically  forming  of  aluminum  were  also 
discussed.  The  overview  indicated  that  up  to  40  percent  weight  savings  can  be 
achieved  with  advanced  composites  in  the  next  generation  rotorcraft.  However, 
composites  technology  is  not  mature  and  additional  research  is  required  to 
develop  affordable,  damage  tolerant  materials.  In  addition,  advanced  material 
forms  and  fabrication  techniques  that  lend  themselves  to  producibil ity  and 
affordability  must  be  developed. 

Because  of  the  fatigue  failures  commonly  found  in  helicopter  dynamic 
components,  a  review  of  metal  fatigue  and  fracture  research  at  NASA  Langley 
was  presented.  Primary  focus  was  on  correlation  of  experimental  fatigue  and 
fracture  data  with  various  predictive  methods.  Additional  research  is 
required  to  accurately  predict  the  response  of  advanced  metallic  materials 
under  a  variety  of  load  spectra. 

Since  delamination  is  the  most  commonly  observed  failure  mode  in 
composite  dynamic  components  of  rotorcraft,  a  talk  was  presented  on  the 
delamination  behavior  of  composite  materials.  A  fracture  mechanics  approach 
for  analyzing  and  characterizing  composite  delamination  was  presented.  Strain 
energy  release  rate  associated  with  delamination  growth  was  shown  to  be  useful 
in  understanding  and  characterizing  delamination  of  composites.  Current 
efforts  by  government  and  industry  to  develop  ASTM  standard  test  methods  for 
measuring  interlaminar  fracture  toughness  of  composite  materials  were 
discussed.  Results  were  presented  that  indicated  that  interlaminar  fracture 
toughness  of  composite  materials  may  be  degraded  due  to  cyclic  fatigue  loading. 
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Improved  safety  is  a  major  concern  for  the  next  generation 
rotorcraft.  Energy  absorption  capability  and  crashworthiness  of  composite 
fuselage  structures  were  reviewed.  Recent  studies  indicate  that  brittle 
composite  materials  can  be  configured  to  absorb  more  energy  than  comparable 
metallic  materials.  Results  were  presented  for  graphite  and  Kevlar  composite 
materials  and  comparisons  were  made  with  aluminum.  Composite  sub-floor  beam 
concepts  that  provide  good  energy  absorption  capability  and  post-crushing 
integrity  were  discussed.  A  simple  analytical  procedure  that  relates  energy 
absorption  of  composite  materials  to  the  energy  absorption  of  composite  beam 
elements  was  presented. 

A  review  of  the  U.  S.  Army  Advanced  Composite  Airframe  Program  (ACAP) 
was  presented.  Design,  fabrication,  and  testing  methodologies  utilized  by 
Bell  Helicopter  Textron  and  Sikorsky  Aircraft  were  discussed.  Based  on 
today's  technology,  both  designs  met  the  weight  and  cost  goals  developed  by 
the  U.  S.  Army.  The  results  of  ground  flight  tests  were  presented  and  a 
review  of  militarization  test  and  evaluation  efforts  were  presented. 

Additional  tests  are  planned  to  determine  crashworthiness  of  the  composite 
airframes. 
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REVIEW  OF  FATIGUE  AND  FRACTURE  RESEARCH  AT 
NASA  LANGLEY  RESEARCH  CENTER 

R.  A.  Everett,  Jr. 

U.S.  Army  Aerostructures  Directorate,  ARTA  (AVSCOM) 
NASA  Langley  Research  Center 


Most  dynamic  components  in  helicopters  are  designed  with  a  safe-life, 
constant-amplitude  testing  approach  that  has  not  changed  in  many  years.  In 
contrast,  the  fatigue  methodology  in  other  industries  has  advanced 
significantly  in  the  last  two  decades.  Perhaps  the  helicopter  industry 
should  take  a  closer  look  at  design  methodology  in  other  industries  and  at 
recent  research  findings  to  see  if  changes  in  their  design  methodology  are 
warranted.  The  purpose  of  the  current  paper  is  to  review  recent  research  at 
the  NASA  Langley  Research  Center  and  U.S.  Army  Aerostructures  Directorate  at 
Langley  relating  to  fatigue  and  fracture  design  methodology  for  metallic 
components.  Most  of  the  Langley  research  has  been  directed  towards  the 
damage  tolerance  design  approach,  but  some  work  has  been  done  that  is 
applicable  to  the  safe-life  approach.  The  research  areas  to  be  discussed 
are  identified  in  the  following  two  paragraphs. 

In  the  area  of  testing,  damage  tolerance  concepts  are  concentrating  on 
the  "small -crack"  effect  in  crack  growth  and  the  measurement  of  crack 
opening  stresses.  Current  safe-life  test  programs  pertain  to  developing 
correction  factors  to  Miner's  rule  to  account  for  the  damage  caused  by 
ground -air -ground  load  cycles  and  using  the  local  strain  approach  for 
determining  fatigue  life.  Tests  have  also  been  conducted  to  determine  the 
effects  of  a  machining  scratch  on  the  fatigue  life  of  a  high  strength  steel. 

In  the  area  of  analysis ,  work  is  concentrated  on  developing  a  crack 
closure  model  that  will  predict  fatigue  life  under  spectrum  loading  for 
several  different  metal  alloys  including  a  high  strength  steel  that  is  often 
used  in  the  dynamic  components  of  helicopters.  Work  is  also  continuing  in 
developing  a  three-dimensional,  finite -element  stress  analysis  for  cracked 
and  uncracked  structures,  as  well  as  developing  a  boundary  element  method 
for  cracked  isotropic  and  anisotropic  structures.  A  numerical  technique  for 
solving  simultaneous  equations  called  the  multigrid  method  is  being  pursued 
to  enhance  the  solution  schemes  in  both  finite -element  analysis  and  boundary 
element  analysis.  Finally,  a  fracture  mechanics  project  involving  an 
elastic-plastic  finite  element  analysis  of  the  J-resistance  curve  is  also 
being  pursued. 

Under  the  two  major  headings  of  testing  and  analysis,  each  of  the  above 
topics  will  be  briefly  discussed. 
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TESTING 


Small -Crack  Effect 

The  possibility  of  a  "small-crack"  effect  in  the  crack  growth  process 
in  metals  was  first  revealed  when  Pearson  (ref.  1)  published  his  paper  on 
the  growth  of  very  short  cracks  in  aluminum  alloys  in  1971.  In  his  work,  he 
showed  that  the  linear  elastic  stress  intensity  range (AK)  did  not  correlate 
crack  growth  rate  data  for  very  small  cracks(6  to  500/im)  .  In  fact,  his  data 
showed  that  for  the  same  AK  values  the  so-called  "small  cracks"  propagated 
at  a  much  faster  rate  than  the  large  cracks.  Today,  some  researchers 
believe  that  this  is  an  area  where  fracture  mechanics  breaks  down  and  that  a 
probabilistic  approach  using  stress  as  a  correlating  factor  is  the  best 
approach  (ref.  2  and  3).  However,  other  researchers  believe  that  it  just 
takes  a  proper  analysis  of  this  problem  for  fracture  mechanics  to  work. 

At  NASA  Langley,  work  has  been  done  showing  the  effectiveness  of 
fracture  mechanics  in  the  "small  crack"  regime  with  2024 -T3  aluminum 
alloy(ref.  4).  The  testing  portion  of  this  work  has  monitored  the 
initiation  and  growth  of  small  cracks (5  to  SOO/zm)  at  a  semi-circular  notch 
in  2024-T3  under  constant -amplitude  loading  at  a  stress  ratio  of  -1. 

Typical  results  from  these  tests  are  shown  in  figure  1  where  data  is 
presented  in  the  form  of  crack  growth  rates  versus  AK  for  cyclic  tests  at  a 
maximiim  gross  stress  of  80  MPa.  As  stated  previously,  these  data  show  that 
at  a  given  value  of  AK,  crack  growth  rates  for  small  cracks  are  much  faster 
than  the  large  crack  data  represented  by  the  dashed  line.  The  solid  line  in 
this  figure  represents  an  analytical  prediction  of  these  data  calculated 
from  a  crack  growth  model  developed  by  Newman(ref,  5).  The  Newman  model 
uses  large -crack  growth  rate  data  that  has  been  adjusted  to  account  for  the 
effects  of  crack  closure.  In  using  this  model  to  predict  growth  rates  in 
the  short -crack  regime,  the  large -crack  threshold  behavior  was  ignored  and 
an  effective  AK  threshold  behavior  was  defined  as  shown  by  the  dash- dot  line 
in  Figure  1  (ref.  4).  From  photomicrographs,  crack  initiation  was  viewed 
to  generally  occur  at  inclusion  particle  clusters.  These  cracks  appear  to 
have  initiated  from  defects  caused  by  the  separation  of  the  alloy  matrix 
material  from  an  inclusion  cluster(ref.  4). 

Further  tests  generated  life-to-failure  data  for  constant -amplitude 
loading  at  stress  ratios  of  -2,0,  and  0.5  as  well  as  under  spectrum  loading. 
Figure  2  shows  the  results  at  a  stress  ratio  of  0.5  and  the  prediction  made 
by  the  crack  closure  model  of  Newman.  Very  good  agreement  is  shown  between 
the  experimental  data  and  the  analytical  predictions. 

Finally,  in  figure  3  experimental  life-to-failure  data  generated  under 
a  fighter  spectrum  called  FALSTAFF  (ref.  6)  shows  good  agreement  for  loading 
conditions  that  are  more  like  an  aircraft  would  experience.  Again  the  solid 
curve  is  the  life  prediction  made  by  the  crack  closure  model  (ref.  5). 

The  small-crack  effect  is  also  presently  being  studied  using  4340 
steel  and  7075-T6  aluminum  alloy.  In  the  test  program  on  4340  steel,  a 
helicopter  load  spectrum  known  as  HELIX(ref.  7)  is  being  used  to  generate 
crack  growth  data  for  loads  more  like  the  actual  loading  environment 
experienced  by  a  hinged  rotor  helicopter.  Study  of  the  small -crack  effect 
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in  metals  has  a  potentially  large  payoff,  in  that  the  fatigue  process  is 
being  examined  in  the  crack  length  regime  where  components  spend  most  of 
their  fatigue  life. 


Crack  Opening  Stress  Measurements 

In  the  study  of  crack  growth  in  metallic  structures,  concepts  from 
fracture  mechanics  have  become  the  principle  tools  for  analyzing 
cracked  configurations.  The  use  of  concepts  like  stress  intensity  factors 
from  fracture  mechanics  were  first  used  to  describe  the  behavior  of  fatigue 
crack  growth  when  a  fatigue  crack  was  modeled  by  a  zero-width  saw  cut.  An 
elastoplastic  analysis  by  Rice(ref.  8)  of  this  idealised  crack  under  cyclic 
tensile  loading  showed  that  the  crack  would  not  be  fully  closed  upon 
unloading  until  the  applied  load  was  zero.  However,  experimental  work  by 
Elber(refs.  9  and  10)  showed  that  a  fatigue  crack  under  cyclic  loading  would 
close  upon  unloading  before  the  applied  load  reached  zero.  The  stress  level 
at  which  the  crack  will  proceed  to  grow  again  is  called  the  crack  opening 
stress  and  is  often  different  than  zero.  These  crack  opening  stresses  can 
be  determined  by  experimental  measurements  and  it  is  these  measurements 
which  are  generally  believed  to  be  essential  in  the  process  of  crack  growth 
predictions (ref .  11).  The  crack  opening  stress  is  used  in  the  calculation 
of  the  effective  stress  intensity  range, which  is  believed  to  be  the 

appropriate  parameter  for  correlating  crack  growth  rates  under  various 
loading  conditions.  An  excellence  review  paper  on  fatigue  crack  closure  by 
Schijve  is  given  in  reference  11. 


In  the  determination  of  the  large -crack  stress  intensity  threshold, 


it  has  been  shown  that  is  a  function  of  the  material  and  other  test 

tti 

variables,  the  most  significant  of  these  being  the  stress  ratio, R,  and  the 
environment  (ref.  12).  Previous  work(ref,  13  and  14)  has  shown  that  this  R 
dependency  of  AK  ^  is  dramatically  reduced  if  is  used  as  the 


appropriate  concept  of  the  stress  intensity  range.  Recent  tests  at  NASA 

Langley  by  Phillips (ref .  12)  were  conducted  to  evaluate  the  capability  of 

AK  oir  to  correlate  the  large -crack  stress  intensity  threshold  using  crack 
ert 

opening  measurements  to  define  AK^^^. 


In  these  tests,  near- threshold  crack  growth  rates  were  generated 
using  a  manually- controlled,  discrete-step  load  shedding  method.  In  this 
method,  after  every  increment  of  crack  growth  of  0.5  mm,  the  load  was 
reduced  by  a  fixed  percentage  of  the  previous  value.  The  percentage  load 
reductions  were  6,18,  and  30  percent.  These  tests  were  conducted  at  stress 
ratios  over  a  range  of  -2  to  0,7.  Figure  4  shows  the  crack  growth  rate 
plotted  against  AK  for  several  R  values  using  the  6  percent  load  step 
reduction  procedure.  These  data  show  the  expected  dependency  of  growth 
rates  on  R.  In  order  to  use  as  the  correlating  parameter,  opening 

loads  were  determined  from  load-displacement  plots  using  a  "reduced 
displacement"  method(ref.  15).  These  data  are  shown  in  figure  5  as  a 
function  of  the  maximum  fatigue  cyclic  load.  When  the  data  in  figure  4 
are  replotted  using  which  is  determined  from  the  opening  stress,  the 
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data  as  shown  in  figure  6  do  not  show  the  systematic  layering  with  R.  The 
data  in  this  figure  also  show  a  smaller  scatter  for  AK.  The  difference  in 
the  capabilities  of  AK  and  to  correlate  the  threshold  data  is  shown 

quite  deary  in  figure  7,  where  AK^^  is  plotted  against  the  stress  ratio. 

The  AK  cj:  values  are  shown  by  the  cross  symbols  which  show  a  very  small 

variation  with  R,  whereas  the  square  s3mibols  which  represent  the  values 

without  stress  opening  considerations  show  an  obvious  dependency  on  R.  In 
future  tests  the  scatter  in  the  measurements  of  the  opening  loads  must  be 
kept  to  a  minimum  in  order  to  show  the  true  capability  of  AK^^^  in 

correlating  crack  growth  results. 

The  accuracy  of  opening  stress  measurements  will  be  the  subject  of 
future  work  conducted  at  Langley  and  a  round-robin  test  program  sponsored 
under  task  group  E24.04.04  of  ASTM.  Other  future  work  at  Langley  on  stress 
opening  measurements  will  measure  crack  opening  stresses  during  spectrum 
loading.  In  this  work,  load  spectra  representative  of  both  transport  and 
fighter  aircraft  will  be  used  in  the  testing  of  aluminum  alloy  specimens. 

In  the  current  understanding  of  fracture  mechanics,  appears  to  be 

a  good  parameter  for  correlating  crack  growth  data.  Therefore,  accurate 
measurements  of  crack  opening  stresses  as  well  as  a  thorough  understanding 
of  the  role  of  these  stresses  in  the  fatigue  process  is  an  important  part  of 
the  damage  tolerant  design  methodology.  If  fracture  mechanics  concepts  are 
going  to  enhance  the  fatigue  design  of  helicopter  components,  the  study  of 
crack  opening  stresses  must  be  pursued. 


Fatigue  Life  of  a  Material  With  a  Machining  Scratch 

As  stated  previously,  the  fatigue  life  of  dynamic  parts  of  helicopters 
is  currently  determined  by  a  safe  life  analysis  where  stress  versus  life 
cycle  curves  are  determined  from  constant  amplitude  tests  on  actual 
components.  Because  of  the  complex  configuration  of  some  components, 
machining  scratches  can  be  left  on  the  surface  of  finished  parts.  If  parts 
without  scratches  are  used  to  define  S-N  curves  and  failures  occur  in 
service  as  a  result  of  these  scratches,  the  statistical  validity  of  the 
predicted  fatigue  life  is  questionable. 

To  assess  the  effect  of  machining  scratches  on  the  fatigue  life  of  4340 
high  strength  steel,  constant  amplitude  fatigue  tests  were  run  on  unnotched 
specimens  with  and  without  a  0.05mm  (0.002  inch)  deep  machining  scratch. 
Specimens  with  scratches  that  had  been  shot  peened  were  also  tested  to  see 
if  the  compressive  residual  stresses  from  the  shot  peening  would  provide  any 
relief  from  the  stress  concentration  caused  by  the  scratch.  The  magnitude 
of  the  residual  stresses  produced  by  the  shot  peening  was  determined  by  x- 
ray  diffraction  measurements.  To  assess  the  effect  of  shot  peening  on  the 
fatigue  life  of  materials  without  machining  imperfections,  tests  were  also 
run  on  specimens  that  had  been  shot  peened  but  contained  no  scratches. 

Figure  8  shows  some  of  the  results  of  these  tests  where  the  alternating 

stress  level, S  ,  is  plotted  against  fatigue  life,N.  As  can  be  seen  in  this 
a 


538 


figure  the  mschining  scratch  caused  about  a  40%  reduction  in  the  material 
endurance  limit.  The  tests  on  the  specimens  that  had  been  shot  peened 
showed  that  the  compressive  residual  stresses  produced  by  the  shot  peening 
almost  eliminated  the  effects  of  the  stress  concentration  caused  by  the 
scratch.  For  the  specimens  without  machining  imperfections  that  had  been 
shot  peened,  only  about  a  10%  increase  in  the  endurance  limit  was  noted. 

The  x-ray  diffraction  measurements  of  the  compressive  residual  stresses 
produced  by  the  shot  peening  ranged  from  414  MPa  to  621  MPa(  60  to  90  ksi) . 
The  compressive  residual  stresses  reached  a  zero  stress  level  at  about 
0.152  mm(0.006  inches)  below  the  specimen  surface. 

These  tests  have  shown  that  a  machining  scratch  significantly  reduces 
the  fatigue  strength  of  a  high  strength  steel.  However,  shot  peening  was 
shown  to  negate  the  effects  of  the  scratch.  Analytically  predicting  the 
effects  of  residual  stresses  on  fatigue  life  of  components  is  still 
difficult  due  mainly  to  the  difficulty  in  experimentally  determining  the 
level  of  residual  stress.  The  X-ray  diffraction  technique  is  showing  great 
promise  in  improving  this  situation,  but  before  life  predictions  that 
account  for  residual  stresses  can  be  made  with  a  high  degree  of  confidence, 
joint  analytical  and  experimental  programs  need  to  be  undertaken  that  will 
prove  the  reliability  of  the  X-ray  diffraction  measurements. 


Ground -Air -Ground  Correction  Factor  for  Miner's  Rule 

In  the  safe  life  analysis  of  aircraft  structures,  a  linear  cumulative 
damage  rule  like  the  Miner  rule  is  usually  used  to  predict  fatigue  life.  In 
spite  of  the  many  inadequacies  in  this  type  of  analysis(ref .  16  to  19),  no 
new  theory  has  replaced  the  Miner  analysis  with  any  significant  improvement. 
Various  techniques  have  been  used  with  the  basic  concept  developed  by  Miner , 
in  the  hope  of  eliminating  some  of  these  inadequacies (ref .  20  to  22).  One 
of  the  deficiences  of  this  analysis  is  its  inability  to  account  for  sequence 
effects (load  interaction)  which  are  usually  present  in  spectrum  loading(ref. 
17).  In  a  recent  survey  of  the  helicopter  industry  a  hypothetical  fatigue 
life  problem  was  posed  that  sought  the  calculation  of  the  fatigue  life  of  a 
component  called  the  pitch  link(ref .  23) .  In  all  of  the  proposed 
solutions (ref .  24  to  30),  the  linear  ciomulative  damage  theory  formed  the 
basis  of  the  life  predictions.  Both  cycle  counting  and  peak  value  analysis 
of  the  flight  loads  were  used  to  calculate  fatigue  life.  However,  because 
of  the  significant  dissimilarities  in  methodology  in  the  industry,  ground- 
air  -ground  (GAG)  cycles  were  not  included  in  the  problem. 

Current  research  is  being  aimed  at  aiding  the  safe  life  designer  with  a 
method  for  including  a  correction  factor  in  the  Miner  cumulative  damage  rule 
to  account  for  the  damage  caused  by  GAG  cycles.  Simple  spectrum  block 
loading  similar  to  that  shown  in  figure  9  will  initially  be  used  to  assess 
the  upper  bounds  of  the  damage  caused  by  these  cycles.  In  an  attempt  to 
generalize  these  correction  factors  to  more  realistic  load  spectra,  tests 
will  also  be  conducted  using  the  standardized  helicopter  load  spectra  known 
as  HELIX  and  FELIX(ref.  7).  Previous  work  has  shown  that  when  Miner's  rule 
was  used  to  predict  the  fatigue  life  of  test  coupons  tested  using  the 
HELIX/FELIX  spectra,  the  fatigue  life  was  overestimated(ref .  31). 
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Local  Strain  Method  for  Predicting  Fatigue  Life 

Over  the  last  two  decades  a  technique  has  been  developed  to  predict 
fatigue  life  using  safe- life  methodology  but  concentrating  on  the  area  of 
the  structure  where  maximum  damage  is  actually  being  accumulated.  This 
technique,  called  the  local  strain  approach,  calculates  fatigue  life  based 
on  the  local  strains  at  a  notch(ref.  22  and  32).  This  method  takes  into 
account  such  factors  as  the  mean  stress,  state  of  stress,  and  the  effect  of 
local  notch  plasticity.  These  factors  are  still  combined  into  a  linear 
cumulative  damage  analysis. 

Tests  are  currently  being  conducted  on  4340  steel  using  the  load 
spectra  called  HELIX(ref.  7)  to  simulate  the  variable  cyclic  loading  usually 
experienced  by  dynamic  helicopter  components.  Actual  air-to-air  combat 
spectra  will  also  be  used  as  test  loads.  Test  lives  will  be  compared  to 
lives  predicted  using  the  local  strain  approach. 

These  series  of  tests  are  concentrating  on  using  load  spectra  as 
opposed  to  constant  amplitude  loads  since  a  great  weakness  in  the  present 
design  of  helicopters  is  the  lack  of  spectrum  tests  in  the  design  process. 
For  future  work,  actual  load  spectra  from  various  helicopter  components  must 
be  obtained,  since  as  noted  by  Dowling(ref.  32),  the  uncertainties  in 
predictions  associated  with  the  choice  of  a  life  estimation  method  may  be 
small  compared  to  the  uncertainties  which  now  exist  in  the  definition  of 
helicopter  load  spectra. 


ANALYSIS 


Crack  Closure  Model  for  Predicting  Fatigue  Life 

As  stated  previously,  the  design  of  most  fixed-wing  aircraft  structures 
is  based  on  a  damage  tolerance  approach  where  crack  growth  analysis  is  an 
essential  part  of  the  design  process.  Since  about  1970,  many  crack  growth 
models  have  been  proposed  to  predict  the  life  of  structures.  All  of  these 
models  recognize  the  need  to  account  for  load  interaction  effects  which 
cause  such  crack  growth  phenomena  as  retardation  and  acceleration  and  almost 
all  are  based  on  either  crack  tip  plasticity  or  crack  closure  concepts(ref . 
33) .  Two  models  based  on  the  crack  tip  plasticity  concept  are  those  by 
Wheeler(ref.  34)  and  Willenborg(ref .  35).  Almost  all  models  based  on  the 
plasticity  concept  use  one  of  these  two  models  as  their  basis.  The  Wheeler 
model  accounts  for  crack  growth  retardation  by  employing  the  concept  of 
yield  zone  interaction.  In  this  concept,  crack  growth  is  retarded  if  the 
yield  zone  of  current  loads  lie  within  the  boundaries  of  the  yield  zone 
of  previous  high  loads .  The  Wheeler  model  uses  a  crack  growth 
retardation  parameter  that  includes  an  empirically  determined  constant 
which  is  dependent  on  the  material  and  loading.  The  Willenborg  model 
accounts  for  retardation  by  using  the  yield  zone  interacton  concepts 
conceived  by  Wheeler  to  determine  a  so-called  "effective"  stress  that 
reflects  the  stress  reduction  that  occurs  as  a  result  of  overloads.  Neither 
of  theses  models  account  for  the  possible  counteracting  effect  on 
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retardation  caused  by  negative  peak  loads.  A  model  first  developed  by 
Johnson(ref.  36)  in  1975  to  account  for  retardation  and  acceleration,  uses 
Forman's  crack  growth  equation(ref .  37),  but  uses  an  "effective"  stress 
X3.i.i.o  which  is  adjusted  for  each  load  cycle  to  account  for  load  interaction. 
This  model  is  known  as  the  Multi -Parameter  Yield  Zone(MPYZ)  model. 

Crack  growth  models  which  account  for  the  concept  of  the  physical  crack 
actually  closing  before  the  applied  load  reaches  zero  are  known  as  crack 
closure  models.  The  crack  closure  phenomena  was  first  noted  as  a  result  of 
the  non-linear  load  displacement  behavior  of  a  cracked  sheet  thus  suggesting 
that  the  structure  has  a  varying  geometry  which  could  only  be  explained  by 
the  crack  closing  prior  to  complete  unloading (ref.  9).  The  crack  closure 
crack  growth  models  not  only  account  for  retardation  and  acceleration,  but 
also  for  delayed  retardation.  As  stated  previously  in  this  paper,  a  crack 
cTosure  model  developed  by  Newman(ref.  5)  has  also  beeh  used  to  model  the 
behavior  of  the  so-called  "small-crack"  effect(ref.  4). 

The  closure  model  developed  by  Newman(ref.  5)  at  NASA  Langley,  uses 
Fiber's  basic  concept  of  the  closure  phenomena  which  states  that  only  that 
portion  of  the  cyclic  load  which  is  above  the  crack  opening  load  causes  the 
crack  to  grow.  Thus  the  form  of  the  stress  intensity  factor  that  is  used  to 
correlate  crack  growth  data  is  called  the  effective  stress  intensity  range, 
AKeff,  and  is  essentially  calculated  by  using  the  difference  between  the 

maximum  stress  in  the  load  cycle  and  the  crack  opening  stress. 

Newman's  model  uses  a  modified  form  of  Dugdale's  elastic-plastic 
solution(ref .  38)  for  stresses  and  displacements  in  a  cracked  body.  In 
Newman's  modification  of  Dugdale'  model,  plastic  deformations  at  the  crack 
tip  are  retained  in  the  wake  of  the  crack  as  it  grows .  This  plastic  wake  is 
shown  schematically  in  figure  10,  where  the  shaded  regions  indicate  material 
that  has  been  plastically  deformed.  The  plastic  deformations  in  the  wake 
cause  the  crack  surfaces  to  come  in  contact  before  the  unloading  reaches 
zero.  When  the  load  is  increased  again,  the  applied  stress  at  which  the 
crack  surfaces  become  fully  separated(zero  contact  stress)  is 
characteristically  called  the  "crack  opening  stress".  For  a  detailed 
description  of  Newman's  closure  model  and  how  crack  growth  rates  are 
calculated,  see  reference  5. 

As  an  illustration  of  the  ability  of  this  model  to  correlate  crack 
growth  data  under  constant  amplitude  loading,  figure  11  shows  crack  growth 
rates  for  2219-T851  aluminum  alloy  at  various  stress  ratios.  The  solid 
lines  in  this  figure  are  a  result  of  calculations  using  Newman's  closure 
model  and  the  dots  are  the  experimental  data  points .  The  predicted  crack 
growth  curves  are  in  good  agreement  with  the  experimental  data.  As  an 
example  of  this  models  ability  to  correlate  data  from  spectrum  load  tests, 
figure  12  shows  crack-length  against  load  cycle  data  for  a  typical  fighter 
spectrxam.  The  specimens  were  subjected  to  the  same  spectrum,  but  with 
different  load  amplification  factors (0.2,  0.3,  and  0.4)  applied  to  the 
spectrum  loads .  Again  good  agreement  is  shown  between  the  predicted 
curves (dashed  and  solid  lines)  and  the  experimental  data  points  when  the  oc 
factor,  which  indicates  the  stress  state,  is  accounted  for.  For  further 
comparisons  between  experimental  data  and  closure  model  predictions ,  see 
references  5  and  39 . 
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The  crack  closure  model  is  an  excellent  example [of  the  ability  of  an 
analytical  tool  to  predict  the  fatigue  life  of  aircraft  structures.  As 
stated  previously,  this  model  is  currently  being  used  in  the  investigation 
of  the  small-crack  effect  in  4340  steel,  a  material  often  used  in  the  design 
of  helicopter  dynamic  rotor  components. 


Boundary- Force  Method  For  Stress  Analysis  Of  Cracked  Plates 


During  the  design  process,  stress  analyses  are  performed  to  calculate 
stress  concentration  factors  for  holes  or  notches  or  stress  intensity 
factors  for  cracks.  Among  todays  analysis  tools,  the  finite  element  method 
(FEM)  appears  to  be  the  most  widely  used  numerical  analysis  method. 

However,  recently  a  new  form  of  an  indirect  boundary  element  method  (BEM) 
developed  by  Tan(ref .  40)  at  NASA  Langley  is  seeing  more  widespread  use 
because  of  its  efficiency  in  modeling  the  structure  which  is  being  analysed. 
As  opposed  to  the  FEM,  where  usually  a  relative  large  number  of  elements  are 
needed  to  accurately  model  the  entire  structure,  in  the  BEM  only  the 
boundaries  of  the  region  of  interest  are  modeled. 

Two  earlier  BEMs  proposed  by  Nisitani(ref .  41)  and  Isida(ref.  42)  were 
called  "body  force"  methods  since  the  unknowns  were  body  force  densities  in 
the  X-  and  y-  directions  and  a  crack  was  modeled  as  a  very  slender 
elliptical  notch.  Tan's  Boundary  Force  Method  (BFM)  uses  Erodogan's 
analytical  solution  for  concentrated  forces  and  a  moment  in  an  infinite 
plate  with  a  crack(ref.  43),  thus,  eliminating  the  need  to  model  the  crack. 
In  the  BFM,  the  unknowns  are  not  only  the  concentrated  forces  in  the  x-  and 
y-  directions,  but  also  the  moments  on  each  segment  of  the  discretized 
boundaries.  The  essential  differences  between  Tan's  BFM  and  the  other 
BEM's  mentioned  are  in  the  fundamental  solutions,  the  treatment  of  the 
boundary  conditions,  and  the  treatment  of  the  crack  faces.  For  a  more 
detailed  account  of  these  differences  see  reference  40. 

To  compare  the  accuracy  obtained  by  satisfying  the  boundary 
conditions  in  terms  of  resultant  forces  and  moments  to  that  of  resultant 
forces  only,  a  center  crack  tension  specimen  was  analyzed  using  the  two 
methods.  Figure  13  shows  the  relative  error  of  these  two  methods  where  the 
relative  error  is  defined  as 


Relative  error 


K  -  K 

computed  ref 


K 


ref 


where  stress  intensity  factor  computed  by  either  method  and 

Kref  is  the  reference  value  taken  from  the  literature.  These  data  show  that 

for  the  same  number  of  degrees  of  freedom,  Tan's  "force  and  moment" 
formulation  gives  a  solution  which  is  more  accurate.  The  data  in  figure  13 
shows  that  Tan's  method  gives  a  solution  within  1%  of  the  reference  solution 
with  as  few  as  24  degrees  of  freedom. 
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Figure  14  shows  the  BFM  solution  of  the  stress -intensity  factor  for  a 
crack  located  between  four  holes.  This  configuration  simulates  the  effect 
of  a  stringer  on  a  propagating  crack.  This  is  a  rather  complex 
configuration  where  few  stress -intensity  solutions  are  available.  The 
solution  shown  in  figure  14  predicts  that  the  stress  intensity  will  increase 
until  the  crack  reaches  the  center -line  of  the  hole  at  which  point  it 
decreases  thus  simulating  the  effect  of  the  stringer  on  the  propagating 
crack  and  showing  the  probable  retarding  of  the  crack  growth  and  possibly 
its  arrest. 


Three-Dimensional  Finite -Element  Analysis  for  Cracked  and  Uncracked 
Bodies 


Prior  to  the  late  1970' s,  two-dimensional  elastic  analyses  were 
usually  used  to  calculate  stress  intensity  factors.  These  analyses 
approximated  the  real  crack  environment  being  analysed  by  assuming  the  two- 
dimensional  states  of  stress  of  either  plane-stress  or  plane-strain.  Since 
these  states  of  stress  are  an  engineering  approximation  of  the  actual  three- 
dimensional  problem,  researchers  have  attempted  to  solve  Navier's  equations 
of  equilibrium  for  the  stress  field  near  the  crack  front.  Only  a  few 
successful  solutions  have  been  developed  and  these  were  limited  to  such 
crack  configurations  as  the  penny-shaped  and  elliptical  crack  in  an  infinite 
solid(ref.  44).  Since  the  closed- form  solutions  proved  to  be  very  difficult 
to  obtain,  several  numerical  approximations  were  developed (ref.  45  to  47) . 

Of  these  approximate  methods,  the  finite -element  method  has  been  the 
most  widely  used.  However,  in  most  of  the  finite -element  solutions  the 
stress  intensity  factors  were  calculated  by  using  the  crack-opening 
displacements  and  two-dimensional  plane-strain  assumptions.  This  approach 
is  again  an  approximation  of  the  real  three-dimensional  situation  and  is 
justified  only  near  the  middle  of  the  specimen  thickness  where  plane -strain 
conditions  may  exist.  In  1977,  Raju  and  Newman  at  NASA  Langley  published  a 
paper  on  three-dimensional  finite -element  analysis  using  a  nodal  force 
method  to  calculate  the  mode  I  stress  intensity  factors  along  the  crack 
front(ref .  48) .  This  method  does  not  require  any  prior  asstimptions  of 
plane-strain  or  plane-stress.  In  this  paper,  Raju  and  Newman  investigated 
the  stress -intensity  factor  across  the  thickness  for  such  commonly  used 
fracture  specimens  as  the  center-crack  tension,  single-  and  double-edge- 
crack  tension,  and  the  compact  tension  specimen( shown  in  figure  15) .  An 
example  of  some  of  the  results  from  this  paper  is  shown  in  figure  16  for  the 
single -edge -crack  tension  specimen.  The  figure  shows  that  the  stress- 
intensity  factors  are  nearly  uniform  over  most  of  the  specimen  thickness, 
but  are  lower  than  the  plane-strain  value  near  the  free  surface  where  the 
plane-strain  assumptions  would  be  questionable.  For  the  rest  of  the  results 
obtained  by  Raju  and  Newman,  see  reference  48. 

In  1979  Raju  and  Newman  continued  their  work  on  the  analysis  of  the 
three-dimensional  problem  by  developing  stress- intensity  factors  for  surface 
cracks (ref.  49).  In  this  work,  they  modeled  shallow  and  deep  semi¬ 
elliptical  surface  cracks  in  plates  subjected  to  uniform  tension.  Figure  17 
shows  the  results  of  a  convergence  study  for  a  deep  semi -elliptic  surface 
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crack.  The  two  finest  models  give  stress -intensity  factors  within  about  1% 
of  each  other.  In  this  work  they  also  compared  their  finite -element  results 
for  an  embedded  elliptical  crack  with  an  exact  solution  developed  by  Green 
and  Sneddon(ref.  50).  In  general,  Raju  and  Newman's  solution  agreed  with 
the  exact  solution  within  1%  along  most  of  the  crack  front. 

More  recently,  Newman  and  Raju(ref .  51)  have  presented  a  paper  where 
stress -intensity- factor  equations  were  developed  for  several  crack 
configurations  from  stress -intensity- factors  determined  from  three- 
dimensional  finite -element  analysis.  Prior  to  this  paper,  most  of  the 
stress -intensity  solutions  for  cracks  have  been  from  approximate  analytical 
solutions  where  most  of  the  results  were  for  limited  ranges  of  parameters 
and  were  presented  in  the  form  of  curves  or  tables(ref.  52  to  54). 

Obviously,  an  equational  form  for  the  stress -intensity  factors  is  preferred 
because  it  is  easier  to  use  than  curves  and  tables.  These  equations  were 
developed  for  tension  and  bending  loads  over  a  wide  range  of  crack 
configuration  parameters  such  as  the  ratio  of  the  crack  depth  to  plate 
thickness (a/t) ,  the  ratio  of  crack  depth  to  crack  length ( a/c ) ,  the  ratio  of 
hole  radius  to  plate  thickness (r/t) ,  and  the  effect  of  plate  width, b.  The 
crack  configurations  considered  are  shown  in  figure  18.  These  include  an 
embedded  semi -elliptical  crack,  a  semi -elliptical  surface  crack,  a  quarter - 
elliptical  corner  crack,  a  semi -elliptical  surface  crack  at  a  circular  hole, 
and  a  quarter-elliptical  corner  crack  at  a  circular  hole  in  finite  thickness 
plates.  An  example  of  the  equational  form  for  the  embedded  semi-elliptical 
crack  is 


K  =  S^(WQ)^/\(a/c,a/t,c/b,^) 

where  is  the  remotely  applied  stress,  a  is  the  crack  depth,  and  Q  is 

the  shape  factor  for  an  ellipse  and  is  given  by  the  square  of  the  complete 
elliptic  integral  of  the  second  kind.  The  function  accounts  for  the 

influence  of  the  crack  shape(a/c),  crack  size(a/t),  finite  width ( c/b ) ,  and 
the  angular  location(^) . 


Multigrid  Methods  In  Structural  Mechanics 


In  the  finite  element  method  of  structural  analysis,  it  is  necessary 
to  solve  large  systems  of  simultaneous  equations.  Currently,  these 
equations  are  usually  solved  using  a  direct  solution  technique  such  as 
Gaussian  elimination  or  Cholesky  decomposition.  These  solution  techniques 
are  essentially  like  solving  the  equation  of  a  straight  line,  y=mx+b.  For  a 
structural  problem  with  many  degrees  of  freedom  this  can  involve  a  large 
amount  of  computational  time. 

Recently,  a  paper  published  by  Raju  et  al(ref.  55)  at  NASA  Langley 
proposed  the  use  of  a  solution  technique  called  the  multigrid  method  which 
has  been  used  to  solve  certain  classes  of  partial  differential  equations  in 
the  field  of  fluid  mechanics (ref.  56  and  57).  This  method  is  an  iterative 
technique  which  assumes  an  initial  answer  for  the  unknown  nodal 
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displacements  and  iterates  through  an  algorithm  until  the  current  estimate 
of  the  unknowns  are  within  a  predetermined  tolerance  (  or  error)  . 

One  of  the  main  purposes  in  Raju's  paper  was  to  gain  an  understanding 
of  the  multigrid  method  for  use  in  structural  mechanics  applications. 
Hence,  in  this  paper  the  multigrid  technique  was  applied  to  the  finite 
element  analysis  of  the  deflections  of  a  simply  supported  Bernoulli -Euler 
beam(ref .  55) . 

This  work  on  the  simply  supported  beam  has  laid  the  foundation  for 
extending  this  work  to  two-  and  three-dimensional  problems  and  to  include 
problems  in  structural  analysis  where  singularities  exist  such  as  those  at 
the  tip  of  a  crack.  The  final  goal  is  a  black  box  algebraic  multigrid 
solution  package  for  finite  element  analysis  that  could  be  10  times  faster 
than  the  direct  solution  techiques  currently  used  in  finite  element 
analysis . 


J- Integral  Resistance  Curve  for  Ductile  Materials 


The  stress  intensity  factor  range, AK,  which  has  been  used  effectively 
to  correlate  crack  growth  data  in  metal  structures  is  generally  limited  to 
use  in  situations  that  can  be  described  as  small-scale  yielding  at  the 
crack  tip.  This  will  be  the  case  for  most  aircraft  structures.  However,  in 
a  situation  where  large  amounts  of  plastic  deformation  occur  a  parameter 
called  the  J- integral  is  often  used  to  correlate  crack  growth  and  fracture 
data(ref.  58  and  59).  The  J-integral  is  defined  as  the  rate  of  change  of 
the  total  potential  energy  of  the  specimen  with  respect  to  the  crack 
length(ref.  60).  In  contrast  to  K,  the  J-integral  depends  on  the  amount  of 
crack  growth. 

Currently,  the  test  procedures  for  determining  J-R  curves  (crack- growth 
resistance  curves  based  on  the  J-integral)  show  a  dependency  on  specimen 
type(ref.  61).  Two  specimens  which  are  often  used  in  determining  J-R  curves 
are  the  three-point  bend  specimen  and  the  compact  specimen,  shown  in  figure 
19.  Because  of  the  J-R  curves  dependency  on  specimen  type  a  task  group  from 
ASTM  Committee  E24  was  initiated  to  develop  a  test  procedure  that  would  give 
J-R  curves  that  were  not  dependent  on  specimen  conf iguration(ref .  62). 

In  1980,  a  round  robin  test  program  was  conducted  in  19  laboratories 
to  measure  J-R  curves  on  HY-130  steel  plate  to  evaluate  the  tentative  test 
procedure  developed  by  the  ASTM  task  group.  Figure  20  shows  curves  from  one 
of  these  laboratories  for  both  the  compact  and  the  bend  specimen.  The  lack 
of  uniqueness  shown  by  these  data  showed  the  need  for  further 
investigations . 

Recent  work  at  NASA  Langley  was  initiated  to  analyze  numerically  the 
discrepancy  between  the  compact  and  bend  specimen  J-R  curves.  The  approach 
taken  was  to  model  the  fracture  process  in  the  two  specimens  using  a  two- 
dimensional,  elastic-plastic,  finite -element  computer  program(ref.  63)  with 
a  critical  crack- tip -opening  displacement  failure  criterion(ref .  64).  The 
results  from  the  analysis  are  shown  in  figure  21.  As  seen  in  this  figure, 
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up  to  the  maximum  load,  the  J  curves  calculated  from  this  analysis  agreed 
well  for  both  specimen  configurations. 


CONCLUDING  REMARKS 

Most  dynamic  components  in  helicopters  are  designed  with  a  safe- 
life,  constant  amplitude  testing  approach  that  has  not  changed  in  many 
years.  In  contrast,  the  fatigue  methodology  in  other  industries  has 
advanced  significantly  in  the  last  two  decades.  In  this  paper  a  review  is 
presented  of  the  current  research  at  the  NASA  Langley  Research  Center  and 
U.S.  Army  Aerostructures  Directorate  at  Langley  which  might  aid  the 
helicopter  industry  in  enhancing  the  fatigue  and  fracture  design  methodology 
for  metallic  components. 

In  the  area  of  testing,  Langley  research  has  shown  that  "small"  cracks 
do  grow  at  stress  intensity  ranges  below  the  so-called  large  crack 
threshold.  Crack  opening  stress  measurements  have  shown  that  when  the 
stress  intensity  range  is  calculated  using  only  the  stress  range  above  the 
crack  opening  stress,  a  good  correlation  of  crack  growth  data  is  obtained. 
Further  work  has  shown  that  a  machining  scratch(0.05  mm  deep)  can  reduce  the 
fatigue  life  of  a  high  strength  steel  by  40%,  but  shot  peening  can  almost 
eliminate  the  effects  of  the  stress  concentration  caused  by  a  scratch. 

In  the  area  of  analysis,  a  crack  closure  model  for  predicting  fatigue 
life  has  been  developed  and  used  to  predict  fatigue  life  for  both  constant- 
amplitude  and  spectrum  loading.  Since  the  ability  of  the  crack  closure 
model  to  predict  fatigue  life  is  dependent  upon  an  accurate  stress  analysis, 
a  three-dimensional  finite  element  program  has  been  developed  to  calculate 
the  stress  intensity  factors  needed  in  the  closure  model.  A  boundary  force 
method  for  calculating  stress  intensity  factors  has  also  been  developed. 

This  method  is  more  efficient  in  modeling  the  structure  being  analysed  than 
the  finite  element  method,  since  only  the  boundary  of  the  structure  needs  to 
be  modeled. 
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CRACK-GROWTH  RATES  FOR  SMALL  CRACKS 
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Figure  1 . 


LIFE-TO-FAILURE  DATA  FOR  NOTCHED  SPECIMENS 
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LIFE-TO-FAiLURE  DATA  FOR  A  FIGHTER  SPECTRUM 
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Figure  3. 
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Figure  4. 
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Figure  7. 


EFFECT  OF  MACHINING  SCRATCH  ON  LIFE-CYCLES-TO  FAILURE 
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PLASTIC  WAKE  IN  NEWMAN'S  CRACK-CLOSURE  MODEL 
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Figure  10. 


CLOSURE  MODEL  PREDICTION  OF  CRACK  GROWTH  TESTS 

CONSTANT  AMPLITUDE  TESTS 
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Figure  11 . 


CLOSURE  MODEL  PREDICTION  OF  SPECTRUM  LOADING  TESTS 
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RELATIVE  ERROR  IN  K  FROM  TWO  BOUNDARY 
ELEMENT  METHODS 
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STRESS  INTENSITY  FACTOR  FROM  THE  BOUNDARY  FORCE  METHOD 
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Figure  14. 
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Csntdr  crack  tension  Double“edge— crack  tension 


Figure  15. 


STRESS -INTENSITY  FACTORS  FROM  3-D  ANALYSIS 

SINGLE -EDGE-CRACK -TENSION  SPECIMEN 


Figure  16. 


CONVERGENCE  STUDY  FOR  3-D  STRESS-INTENSITY  FACTORS 

DEEP  SEMI-ELLIPTICAL  SURFACE  CRACK 
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Figure  17. 


CRACK  CONFIGURATIONS  FOR  THREE  DIMENSIONAL  K  SOLUTIONS 
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Figure  18. 


SPECIMENS  FOR  DETERMINING  J-INTEGRAL  RESISTANCE  CURVES 
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(b)  Bend  specimen 
Figure  19. 


-INTEGRAL  RESISTANCE  DATA 
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Figure  20. 


COMPUTED  J-INTEGRAL  RESISTANCE  CURVES 


572 


Figure  21 . 


DELAMINATION  DURABILITY  OF 
COMPOSITE  MATERIALS  FOR  ROTORCRAFT 


T. Kevin  O'Brien 
Aerostructures  Directorate 
U.S.  Army  Research  and  Technology  Activity  (AVSCOM) 
NASA  Langley  Research  Center 
Hampton,  Virginia 


Delamination  is  the  most  commonly  observed  failure  mode  in  composite  rotorcraft 
dynamic  components.  Although  delamination  may  not  cause  immediate  failure  of  the 
composite  part,  it  often  precipitates  component  repair  or  replacement,  which 
inhibits  fleet  readiness,  and  results  in  increased  life  cycle  costs.  In  this 
paper,  a  fracture  mechanics  approach  for  analyzing,  characterizing,  and 
designing  against  delamination  will  be  outlined.  Examples  of  delamination 
problems  will  be  illustrated  where  the  strain  energy  release  rate  associated 
with  delamination  growth  has  been  found  to  be  a  useful  generic  parameter, 
independent  of  thickness,  layup,  and  delamination  source,  for  characterizing 
delamination  failure.  Several  analysis  techniques  for  calculating  strain  energy 
release  rates  for  delaminations  from  a  variety  of  sources  will  be  outlined. 
Current  efforts  to  develop  ASTM  standard  test  methods  for  measuring  interlaminar 
fracture  toughness  and  developing  delamination  failure  criteria  will  be 
reviewed.  A  technique  for  quantifying  delamination  durability  due  to  cyclic 
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loading  will  be  presented.  The  use  of  this  technique  for  predicting  fatigue  life 
of  composite  laminates  and  developing  a  fatigue  design  philosophy  for  composite 
structural  components  will  be  reviewed. 


FRACTURE  MECHANICS  ANALYSIS  OF  DELAMINATION 

Potential  delamination  sites  exist. in  composite  structures  wherever  a 
discontinuity  exists  in  the  load  path  (ref.  1).  These  discontinuities  give  rise 
to  interlaminar  stresses  even  when  the  remote  loading  is  in~plane. 
Discontinuities  may  occur  at  (1)  a  straight  edge  with  a  stress-free  boundary 
(often  called  a  "free-edge" ) ,  (i^)  a  curved  stress-free  boundary,  such  as  the 
edge  of  a  drilled  hole,  (3)  a  drop-off  of  the  interior  plies  of  a  laminate  to 
taper  thickness,  (4)  a  bonded  or  co-cured  joint,  and  (5)  a  bolted  joint 
(fig.  1).  Of  these  cases,  the  free-edge  delamination  problem  has  been  studied 
most  extensively,  and  illustrates  the  benefits  of  fracture  mechanics  for 
characterizing  delamination  behavior. 

Army  and  NASA  investigators  have  analysed  the  strain  energy  release  rate,  G, 

associated  with  edge  delamination  growth  (refs.  2-6).  From  finite  element 

analyses  they  have  found  that  once  the  delamination  is  modeled  beyond  a  few  ply 

thicknesses  from  the  straight  edge,  G  reaches  a  constant  plateau  given  by  the 

equation  shown  in  figure  2.  This  equation,  derived  from  a  rule  of  mixtures  and 

laminated  plate  theory,  shows  that  G  is  independent  of  delamination  size  and 

depends  only  on  the  remote  strain,  e,  the  laminate  thickness,  t,  and  two  modulus 

terms,  E  and  E*,  that  correspond  to  the  laminate  modulus  before  and  after 
LAM 

delamination.  In  reference  2,  the  critical  strain,  measured  at  the  onset  of 
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delamination  at  the  -30/90  interfaces  of  eleven-ply  (±30/±30/90/90)  laminates 

s 

was  substituted  into  the  edge  delamination  equation  in  fig.  2  to  determine  a 

critical  G  for  Thornel  300/  Narmco  5208  graphite  epoxy  composites.  This  G  was 
c  c 

then  used  to  predict  the  onset  strains  for  edge  delamination  in  the  0/90 

interfaces  of  (*45  /-^5  /O  /90  )  laminates  of  the  same  material,  where  n=1,2,3 
n  n  n  n  s  . 

corresponds  to  an  8-,  16-,  and  24-ply  laminate.  Figure  3  shows  that  the 
predictions  agreed  well  with  experimental  data,  and  captured  the  trend  of 
decreasing  delamination  onset  strain  with  increasing  thickness.  An  analysis 
based  on  the  critical  values  of  the  interlaminar  stresses  at  the  straight  edge 
would  not  account  for  this  thickness  dependence  because  the  interlaminar 
stresses  at  the  straight  edge  are  independent  of  thickness  (ref.  7). 

Finite  Element  Analysis 

Because  a  delamination  is  constrained  to  grow  between  individual  plies,  both 
interlaminar  tension  and  shear  stresses  are  commonly  present  at  the  delamination 
front.  Therefore,  delamination  is  often  a  mixed-mode  fracture  process.  A 
boundary  value  problem  must  be  formulated  and  solved  to  determine  the  strain 
energy  release  rate  components  at  the  crack  tip:  G^  due  to  interlaminar  tension, 
Gjj  due  to  sliding  shear,  and  0^^^.  due  to  scissoring  shear.  A  virtual  crack 
extension  technique  was  used  in  combination  with  a  quasi-three  dimensional 
finite  element  analysis  to  calculate  the  various  G  components  (refs.  2-6). 
Figure  4  shows  the  results  of  such  an  analysis  for  delaminations  between  the 
90-deg  and  neighboring  ply  in  a  family  of  three  quasi-isotropic  laminates.  The 
90-deg  plies  were  in  the  center  of  each  layup,  but  the  45,-45,  and  0-deg  plies 
were  permutated  to  yield  three  unique  stacking  sequences.  As  noted  earlier,  the 
total  G  rises  to  a  constant  plateau  when  the  delamination  progresses  beyond  a 
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few  ply  thicknesses  from  the  edge.  The  total  G  values  calculated  by  the  rule  of 
mixtures  and  by  summing  the  G  components  from  the  finite  element  analysis  were 
nearly  identical  for  all  three  layups.  However,  the  mixture  of  the  G  components 
was  different  for  each  layup.  For  example,  figure  4  shows  that  the  G^  components 
for  the  various  layups  have  values  ranging  from  nearly  90?  of  the  total  G  to 
less  than  30?  of  the  total  G.  The  G^^^  component  calculated  for  each  layup  was 
negligible.  Hence  the  difference  in  the  G^  component  and  total  G  for  each  case 
was  the  G^^  contribution.  Furthermore,  like  the  total  G,  the  G  components  are 
independent  of  delamination  size.  As  illustrated  in  a  later  section,  tests 
conducted  on  three  similar  layups,  where  the  ±45-deg  plies  where  changed  to 
±35-deg  based  on  a  parametric  study  conducted  in  ref.  4  to  minimize  the 
required  to  measure  a  given  G^,  were  used  to  develop  mixed-mode  interlaminar 
fracture  criteria  for  composite  materials  (ref.  5). 

Residual  Thermal  Stress  Contributions  to  G 

Composite  laminates  are  manufactured,  or  cured,  under  temperature  and  pressure 
and  then  cooled  to  room  temperature  for  testing.  During  cooling  from  the  cure 
temperature,  the  plies  of  the  laminate  that  are  oriented  at  different  angles 
would  like  to  contract  differently,  but  they  are  forced  to  contract  equally. 
This  constraint  leads  to  the  development  of  residual  thermal  stresses  in  the 
individual  plies.  When  a  composite  delaminates,  part  of  the  strain  energy 
released  may  be  attributed  to  these  residual  thermal  stresses.  A  previously 
developed  analysis  for  the  strain  energy  release  rate  associated  with  edge 
delamination  in  composite  laminates  was  modified  to  include  the  contribution  of 
residual  thermal  stresses  (ref.  6).  This  analysis  was  performed  for  several 
materials  to  determine  the  influence  of  the  residual  thermal  stresses  on 
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delamination  formation  and  growth.  Figure  5  shows  the  strain  energy  release 
M  +  T 

rate,  G,  ,  for  edge  delamination  in  a  (25/-25/90)  laminate  due  to  a 

s 

combination  of  mechanical  (M)  and  thermal  (T)  loads,  as  a  function  of  the 
thermal  gradient,  AT,  between  the  cure  or  consolidation  temperature  and  room 
temperature.  The  value  of  G  calculated  for  mechanical  loading  only  is  shown  on 
the  ordinate  where  AT=0.  The  other  value  indicated  by  a  symbol  corresponds  to  G 
where  both  the  mechanical  load  and  the  appropriate  AT  for  the  material  were 
included  in  the  analysis.  For  a  graphite  fiber  composite  with  a  brittle  epoxy 
matrix,  delaminations  occur  at  mechanical  strains  around  0.004,  and  the 
contribution  of  residual  thermal  stresses  to  G  is  small.  However,  for  a  high 
modulus  graphite  fiber  composite  with  a  brittle  bismaleimide  (BMI)  matrix  that 
is  cured  at  a  higher  temperature  than  epoxy,  nearly  one  half  of  the  strain 
energy  released  at  a  strain  of  0.004  is  attributed  to  the  residual  thermal 
stresses.  Composite  laminates  made  with  thermoplastic  matrices  are  typically 
much  tougher,  delaminating  at  mechanical  strains  of  nearly  0.01.  However, 
thermoplastic  matrix  composites  are  manufactured  at  extremely  high  temperatures, 
resulting  in  a  significant  residual  thermal  stress  contribution  to  the  strain 
energy  release  rate  for  delamination  (ref.  8).  Hence,  the  influence  of  residual 
thermal  stresses  on  delamination  is  significant  for  materials  manufactured  at 
high  temperatures. 

DELAMINATION  ANALYSIS  OF  STRUCTURAL  DETAILS 

Delamination  Around  an  Open  Hole 

A  rotated  straight  edge  technique  has  been  used  to  determine  delamination  onset 
around  an  open  hole  in  a  composite  laminate  (ref.  9).  This  technique,  which  is 


577 


illustrated  in  figure  6,  involves  analysing  each  angular  position,  0,  around  the 
hole  boundary  as  if  it  was  the  straight  edge  of  a  laminate  whose  plies  were 
rotated  from  the  original  orientation  by  0  degrees.  The  rotated  layup  was 
assumed  to  be  subjected  to  a  uniaxial  strain  equal  to  the  circumferential  strain 
at  the  hole  boundary.  Using  these  assumptions  the  equation  for  strain  energy 
release  rate  associated  with  straight  edge  delamination  may  be  used  as  shown  in 
figure  6,  where  the  strain  and  modulus  terms  are  functions  of  0,  to  generate  G 
distributions  around  the  hole  boundary  for  each  unique  interface  in  the 
laminate.  Figure  7  shows  a  radial  plot  of  a  nondimensionalized  G  parameter  in 
the  45/90  interface  of  a  quasi-isotropic  (45/90/-45/0)  laminate.  The  position 
of  the  maximum  G  on  the  hole  boundary  is  located  using  this  technique. 
Furthermore,  finite  element  analyses  may  be  performed  using  the  techniques 
described  earlier  for  straight  edge  delaminations  to  determine  the  Gj 
distribution  around  the  hole  boundary,  shown  by  the  shaded  region  in 
figure  7. 

Higher  order  plate  theory  analysis  of  delamination 

Previously,  a  finite  element  analysis  was  required  to  determine  the  relative 
contributions  of  G^ ,  G^^,  and  to  the  total  strain  energy  release  rate  for 
delaraination.  Although  these  finite  element  analyses  are  useful,  they  are 
typically  not  performed  during  the  design  of  the  structure  until  the  final 
design  stage  or  until  a  problem  has  arisen  during  qualification  testing  or  in 
service.  Because  delamination  failures  may  depend  on  the  ratio  of  these  fracture 
modes,  calculations  of  G^,  G^^,  and  Gj^j.  may  be  needed  to  accurately  anticipate 
delamination  failures.  A  simple  "desk-top"  computer  analysis  for  calculating 
the  strain  energy  release  rate,  G,  components  for  edge  delamination  has  been 
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developed  by  Georgia  Tech  under  an  Army/NASA  Grant  (NAG-1 -558).  The  analysis 

models  the  two  shearing  modes  using  shear  deformation  theory  to  calculate  G^j 

and  G^jj  directly,  then  Gj  is  determined  by  subtracting  the  two  shear  components 

from  the  total  G.  Results  from  this  analysis  were  compared  to  finite  element 

results  calculated  for  delamination  around  an  open  hole  using  the  rotated 

straight  edge  technique.  Figure  8  shows  results  for  delamination  in  the  90/- 

45  interface  of  a  (45/90/-45/0)  laminate  with  a  circular  hole.  As  shown  in  the 

s 

figure,  the  higher  order  plate  theory  (HPT)  yields  results  that  are  similar  to 
the  finite  element  (FEM)  results;  however,  the  HPT  analysis  may  be  performed 
quickly  using  a  desk  top  computer.  The  simple  nature  of  the  HPT  method  makes  it 
suitable  for  preliminary  design  analyses  which  require  the  evaluation  of  a  large 
number  of  configurations,  quickly  and  economically. 

Delamination  Due  to  Internal  Ply-Drops 

Composite  rotor  hubs,  currently  being  designed  and  manufactured,  are  hingeless 
and  bearingless  to  reduce  weight,  drag,  and  the  total  number  of  parts.  These 
composite  hubs  typically  have  a  flapping  flexure  region  where  the  laminate 
thickness  is  reduced  by  dropping  internal  plies.  Delamination  failures  are  often 
observed  at  these  ply  drops  due  to  the  combined  centrifugal  tension  and  bending 
loads  applied  at  the  flexure  regions  of  the  hub.  Although  these  delaminations 
may  not  cause  component  failure,  and  therefor  yield  a  desirable  benign  failure 
mode,  the  low  delamination  durability  of  current  composite  materials  may  result 
in  high  repair  or  replacement  costs  for  the  composite  hubs.  In  order  to  design 
these  composite  hubs  for  delamination  durability,  analyses  are  needed  that  model 
the  delamination  failure  mode  observed.  To  this  end,  a  simple  model  was 
developed  for  the  strain  energy  release  rate  associated  with  delamination  growth 
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from  internal  ply  drops  in  laminates  subjected  to  tension  loads  (ref.  10).  The 

delamination  was  assumed  to  occur  at  the  first  transition  from  the  thin  section 

into  the  tapered  region,  labeled  point  A  in  figure  9.  A  simple  free  body  diagram 

revealed  that  the  maximum  interlaminar  tensile  stress  resultant  would  occur  at 

this  point.  As  shown  in  figure  9,  this  local  transition  region  was  idealized  as 

a  flat  laminate  with  a  stiffness  discontinuity  in  the  outer  "belt”  plies  and  a 

continuous  stiffness  in  the  internal  "core"  plies.  The  belt  stiffness  in  the 

tapered  region,  ,  was  obtained  from  a  tensor  transformation  of  the  belt 

stiffness  in  the  thin  region,  E^  ,  transformed  through  the  taper  angle,  6.  The 

resulting  equation  for  the  strain  energy  release  rate,  G,  shown  in  figure  9,  is 

a  function  of  the  thicknesses  and  moduli  of  the  core  plies  and  the  belt  plies  in 

the  tapered  region  compared  to  the  original  thickness,  t,  and  modulus, 

the  thin  section  of  the  laminate  where  the  internal  plies  have  been  dropped. 

Furthermore,  G  was  independent  of  the  delamination  length,  a.  Because  the  belt 

stiffness  in  the  tapered  region  is  a  function  of  the  taper  angle,  g,  G  will 

increase  as  B  increases.  Figure  9  shows  the  increase  in  G,  normalized  by  the 

2 

applied  tensile  load  per  unit  width  squared,  N^,  as  the  taper  angle  is  increased 

for  a  [0  /(±45)  J  glass  epoxy  laminate.  Therefor,  the  taper  angle  and  ply 
y  tL  S 

thicknesses  must  be  considered  along  with  the  layup  to  optimize  the  rotor  hub 
design  for  the  desired  structural  performance  while  minimizing  the  probability 
of  a  delamination  failure. 
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DELAMINATION  FAILURE  CRITERIA 


Interlaminar  Fracture  Toughness  Characterization 

Because  de lamination  is  the  most  commonly  observed  composite  failure  mode,  the 
need  for  standard  test  methods  to  develop  delamination  failure  criteria  has 
become  paramount.  To  meet  this  need,  a  round  robin  test  program  has  been 
organized  within  ASTM  committee  D30  on  High  Modulus  Fibers  and  Their  Composites 
to  develop  standard  tests  for  measuring  the  interlaminar  fracture  toughness  of 
composites.  Four  test  methods  are  being  evaluated  for  their  ability  to  rank 
materials  for  improved  delamination  resistance,  to  compare  toughness 
measurements  between  the  various  tests,  and  to  check  the  repeatability  of 
measurements  between  laboratories.  The  four  tests  included  in  the  round  robin 
are  the  double  cantilever  beam  (DCB)  test,  the  edge  delamination  tension  (EDT) 
test,  the  cracked  lap  shear  (CLS)  test,  and  the  end-notched  flexure  (ENF)  test. 
These  four  tests  measure  critical  values  of  the  strain  energy  release  rate,  G, 
for  delamination  that  range  from  a  pure  opening  mode  due  to  interlaminar 
tension,  G^,  to  a  pure  interlaminar  shear  mode,  G^.^.  The  data  from  these  four 
tests  may  be  used  to  generate  delamination  failure  criteria  for  composite 
materials.  As  depicted  in  figure  10,  all  four  test  methods  will  be  conducted 
with  three  different  composite  materials  with  the  same  ASM  graphite  fiber,  but 
with  polymer  matrices  that  range  from  very  brittle  to  very  tough.  The  matrices 
chosen  were  (1)  Hercules  3501-6,  (2)  Cyanamid  BP  90[,  and  (3)  ICI 

Polyetheretherketone  (PEEK).  A  total  of  thirty-two  laboratories,  from  five 
different  countries,  will  be  participating  in  the  round  robin.  Each  test  will  be 
conducted  by  at  least  nine  participants.  The  results  of  this  round  robin  will  be 
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used  to  develop  ASTM  test  standards  for  interlaminar  fracture  toughness 
measurement. 

Results  from  edge  delamination  tension  (EOT)  tests,  pure  mode  I  double 
cantilever  beam  (DCB)  tests,  pure  mode  II  end-notched  flexure  (ENF)  tests,  and 
mixed-mode  cracked-lap-shear  (CLS)  tests  have  already  been  used  to  determine 
delamination  failure  criteria  for  several  composite  materials  (ref.  11).  Data 
are  plotted  in  figure  1 1  ,  where  the  component  at  failure  is  plotted  versus 
the  Gjj  component  at  failure,  for  graphite  reinforced  composite  laminates  with 
matrices  ranging  from  very  brittle  (3501-6,  5208)  to  very  tough  (PEEK,  FI 85).  In 
all  cases,  a  linear  failure  criterion  of  the  form  (G_/Gt  +  G^^/G^^  )  =  1  fit 
the  data  well.  However,  for  the  brittle  matrix  composites,  G^^  is  much  less  than 
*^Ilc’  toughened  matrix  composites,  G^^  is  nearly  equal  to  Gjjq* 


Delaraination  Durability  Under  Cyclic  Loading 

Delamination  may  occur  at  cyclic  strain  levels  corresponding  to  cyclic  G  levels 

well  below  the  interlaminar  fracture  toughness  of  the  composite 

(ref.  4,8,12,13).  Delaminations  form  at  these  lower  cyclic  strains  after  a 

certain  number  of  cycles,  N.  In  ref. 4,  cyclic  edge  delamination  tests  were 

conducted  where  the  G  values  calculated  from  maximum  cyclic  strains  were 

c 

plotted  as  a  function  of  the  number  of  cycles  to  edge  delamination  onset 

(figure  12).  These  G^  values  drop  sharply  in  the  first  200,000  cycles  until  they 

reach  a  plateau  tantamount  to  a  threshold  for  delamination  onset  in  fatigue.  A 

finite  element  analysis  of  the  ( 35/-35/0/90 )  and  ( 0/35/-35/90)  laminates 

s  s 

tested  yielded  an  identical  total  G  for  a  given  nominal  strain,  but  the  G^ 
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components  were  very  high  and  low,  respectively.  As  shown  in  figure  12,  the 

for  these  two  layups  measured  in  static  tests  (N=1 )  were  different.  However,  the 

G  thresholds  under  cyclic  loading  were  nearly  identical.  Hence,  the  total  G 
c 

does  not  determine  the  delamination  onset  under  static  loading,  but  the  total  G 

does  appear  to  control  the  delamination  onset  in  fatigue.  Furthermore,  a 

comparison  of  the  relatively  tough  Hexcel  205  matrix  composites  to  the  brittle 

5208  matrix  composites  shows  a  significant  improvement  in  the  static  G^,  but  the 

magnitude  of  this  improvement  for  the  G^  threshold  in  fatigue  is  much  less,  as 

shown  in  figure  12.  A  similar  trend  is  shown  in  figure  13  where  the  maximum 

cyclic  G  is  plotted  as  a  function  of  log-cycles  to  delamination  onset  for  four 

materials  with  a  wide  range  of  static  toughnesses.  The  matrix  materials  were  (1) 

Narmco  5208,  a  350»F  brittle  epoxy,  (2)  Hexcel  H205,  a  250‘>F  epoxy,  (3)  Cyanamid 

HST7,  a  350°F  epoxy  with  a  tough  adhesive  interleaf  between  each  ply,  and  (M) 

ICI  Polyetheretherketone  (PEEK),  a  semicrystalline  thermoplastic.  When  cycles  to 

delaraination  onset  are  plotted  on  a  log  scale  as  in  figure  13>  continued 

degradation  appears  possible  beyond  the  10  -cycle  "threshold"  seen  earlier,  so 

6 

it  may  be  more  appropriate  to  think  of  these  thresholds  at  10  cycles  as 
endurance  limits.  As  figure  13  indicates,  there  is  a  large  difference  in  the 
static  interlaminar  fracture  toughnesses  of  these  materials,  shown  on  the 
ordinate  at  N=1  ,  but  the  cyclic  strain  energy  release  rate  endurance  limits  at 
10^  cycles  are  similar. 

Delamination  Growth 

Although  the  data  in  figure  13  shows  little  difference  in  delamination 
durability  between  brittle  and  toughened  matrix  composites,  the  tough  matrix 
composites  will  typically  exhibit  slower  delamination  growth.  Figure  14  shows  a 
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schematic  of  a  log-log  plot  of  delamination  growth  rate,  da/dN,  as  a  function  of 

cyclic  strain  energy  release  rates.  For  the  brittle  matrix  composite,  G  will  be 

c 

low,  with  an  even  lower  cyclic  threshold,  G  .  Any  stable  delamination  growth 

Oil  . 

under  cyclic  loading  must  occur  between  these  two  values.  Because  G  and  G  are 

c  th 

very  low,  delamination  growth  rates  in  brittle  matrix  composites  are  typically 

very  high  compared  to  crack  growth  rates  in  metals.  For  the  toughened  matrix 

composite,  G  will  be  much  higher  than  for  the  brittle  matrix  composite,  but  G  ^ 
^  tn 

will  be  only  slightly  higher.  Because  G  values  are  much  higher  than  G. .  values 

c  t  n 

for  the  toughened  matrix  composites,  slower  delamination  growth  rates  are 
observed.  If  G  values  are  high  enough,  these  growth  rates  may  become  comparable 
to  crack  growth  rates  in  metals. 

FATIGUE  ANALYSIS  OF  COMPOSITE  LAMINATES 

Composite  laminates  containing  plies  of  several  orientations  may  experience 
fatigue  failures  below  their  static  tensile  strength.  Figure  15  shows  the 
maximum  cyclic  load  at  failure  (solid  symbols)  as  a  function  of  fatigue  cycles, 
N,  for  a  (45/-45/0/90)  graphite  epoxy  laminate  (ref.  12).  A  fatigue  endurance 
limit  was  observed  around  70  percent  of  the  static  tensile  strength.  The  open 
symbols  in  figure  15  indicate  the  onset  of  0/90  interface  edge  delamination, 
which  reaches  a  plateau  around  40  percent  of  the  static  tensile  strength.  Above 
this  threshold,  stiffness  loss  is  observed  as  the  edge  delamination  grows,  but 
fatigue  failure  does  not  occur  even  though  the  edge  delamination  may  propagate 
across  the  width  of  the  laminate.  Fatigue  failures  occur,  however,  when  local 
delamihations  form  at  matrix  ply  cracks  in  the  ±45-deg  plies.  These  local 
delaminations  cause  isolation  of  the  cracked  plies  that  results  in  local  strain 
concentrations  in  the  uncracked  plies  (ref.  14,15).  Because  of  these  local 
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strain  concentrations,  fatigue  failures  occur  at  nominal  strain  levels  below  the 
static  failure  strain,  as  illustrated  in  figure  15  for  a  quasi-isotropic 
graphite  epoxy  laminate. 

One  technique  for  estimating  the  fatigue  life  of  such  laminates  is  being  pursued 
in  a  joint  research  program  on  fatigue  of  composite  materials  between  the  U.S. 
Army  Aerostructures  Directorate  at  NASA  Langley  and  Agusta  Helicopter  Company 
under  the  U.S.  Army/  Italian  Memorandum  of  Understanding  (MOU).  This  technique, 
which  is  illustrated  in  figure  16,  involves  two  steps.  First,  cyclic  edge 
delamination  data  are  used  to  generate  fatigue  delamination  onset  criteria  as 
shown  in  figures  12,13.  This  information  is  then  used  in  the  appropriate 
equations  relating  applied  load  to  strain  energy  release  rate  for  local 
delamination  onset  to  estimate  the  fatigue  failure  load  as  a  function  of  cycles 
to  the  onset  of  local  delamination.  Under  the  MOU,  this  technique  will  be 
applied  to  a  variety  of  composite  layups,  ranging  from  orthotropic  to  quasi¬ 
isotropic,  for  a  variety  of  materials  including  graphite-epoxy,  glass-epoxy,  and 
glass/graphite  hybrids. 

FATIGUE  DESIGN  PHILOSOPHY  FOR  COMPOSITES  STRUCTURAL  COMPONENTS 

Because  fatigue  failure  is  a  result  of  the  accumulation  of  delamination  sites 
through  the  laminate  thickness,  and  because  delaminations  grow  rapidly  for  most 
brittle  epoxy  matrix  materials,  a  no-growth  delamination  threshold  approach  for 
infinite  delamination  life  has  been  proposed  (ref.  12).  One  concern  with  this 
approach  in  the  past  has  been  the  uncertainty  inherent  in  predicting  service 
loads  which  could  exceed  no-growth  thresholds  and  lead  to  catastrophic 
propogation.  However,  unlike  crack  growth  in  metals,  catastrophic  delamination 
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growth  does  not  necessarily  equate  to  material  or  structural  failure. 
Delaminated  composites  may  have  inherent  redundant  load  paths  that  prevent 
failure  and  provide  a  degree  of  fail  safety.  This  was  the  case  for  edge 
delaminations  in  the  tensile  loaded  laminates  discussed  earlier.  This  degree  of 
fail  safety  has  led  designers  to  think  of  composite  delamination  as  a  relatively 
benign  failure  mode.  Unfortunately,  delaminations  may  occur  from  several  sources 
in  a  given  component  or  structure.  Even  simple  laminates  subjected  to  only 
cyclic  tension  loads,  experienced  an  edge  delamination  first  that  was  relatively 
benign,  followed  by  local  delamination  from  matrix  cracks  that  caused  fatigue 
failures.  Structural  components  with  complex  shapes  subjected  to  complex 
loadings,  such  as  bearingless  rotor  hubs  subjected  to  combined  tension,  bending, 
and  torsion  loadings,  may  have  a  multitude  of  potential  delamination  sites.  An 
iterative  composite  mechanics  analysis  that  considers  each  of  these  potential 
sites  must  be  performed  to  insure  fail  safety  of  the  structure.  Such  an  analysis 
could  also  be  used  to  identify  changes  in  design  details  that  inhibit 
delamination.  Delamination  suppression  techniques  such  as  replacement  of  brittle 
matrices  with  toughened  matrices,  use  of  adhesive  strips  in  critical  interfaces, 
use  of  through-the-thickness  stitching,  and  wrapping  of  the  laminate  with  a 
reinforced  cloth  have  all  suppressed  delamination  in  composites  under  static 
loads,  but  have  not  been  as  successful  under  cyclic  loads.  Hence,  the  need  for  a 
delamination  threshold/fail  safety  analysis  as  proposed  in  ref.  12  is  still 
evident. 

CONCLUDING  REMARKS 

Fracture  mechanics  has  been  found  to  be  a  useful  tool  for  understanding  and 
characterizing  composite  delamination.  Analyses  for  calculating  the  strain 
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energy  release  rate  associated  with  delamination  growth  have  been  developed  for 
several  commmon  delamination  sources.  The  strain  energy  release  rate  has  been 
found  to  be  a  useful  generic  parameter,  independent  of  layup,  thickness,  or 
delamination  source,  for  characterizing  delamination  failure.  ASTM  test 
standards  for  interlaminar  fracture  toughness  are  being  developed  and  have 
already  been  used  to  generate  delamination  failure  criteria.  A  technique  for 
quantifying  delamination  durability  due  to  cyclic  loading  has  been  developed  and 
is  being  used  to  predict  fatigue  life  of  composite  laminates  and  to  develop  a 
fatigue  design  philosophy  for  composite  structural  components. 
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SOURCES  OF  OUT-OF-PLANE  LOADS 
FROM  LOAD  PATH  DISCONTINUITIES 
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Figure  1 


STRAIN  ENERGY  RELEASE  RATE  FOR  DELAMINATION  GROWTH 
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FINITE  ELEMENT  ANALYSIS  OF  STRAIN  ENERGY  R 
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Figure  4. 


INFLUENCE  OF  RESIDUAL  THERMAL  STRESS  ON  G 

FOR  EDGE  DELAMINATION 
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ROTATED  STRAIGHT  EDGE  ANALYSIS 
OF  STRAIN  ENERGY  RELEASE  RATE  AROUND  AN  OPEN  HOLE 
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Figure  6. 


NORMALIZED  STRAIN  ENERGY  RELEASE  RATE  DISTRIBUTION 
IN  45/90  INTERFACE  OF  (45/90/-45/0)3  LAMINATE 
NEAR  HOLE  BOUNDARY  (SHADED  REGION  IS  Gj) 
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COMPARISON  OF  DELAMINATION  ANALYSES 
FOR  STRAIN  ENERGY  RELEASE  RATE  COMPONENTS 
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Figure  8. 


STRAIN  ENERGY  RELEASED  RATE  ANALYSIS  OF 
DELAMINATION  IN  A  TAPERED  LAMINATE 
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Figure  9. 
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•  Each  participant  limited  to  two  tests 

•  Between  9  and  16  participants  per  test 
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Figure  11. 
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Figure  12. 


MECHANICAL  STRAIN  ENERGY  RELEASE  RATE  AT 
DELAMINATION  ONSET  AS  A  FUNCTION  OF  FATIGUE  CYCLES 
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Figure  13. 


COMPARISON  OF  DELAMINATION  GROWTH  RATES  FOR 
COMPOSITES  WITH  BRITTLE  AND  TOUGH  MATRICES 
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Figure  14. 


TENSILE  FATIGUE  BEHAVIOR  OF  UNNOTCHED  [±45/0/90] 

GRAPHITE  EPOXY  LAMINATES 
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Figure  15. 


FATIGUE  LIFE  ESTIMATION  TECHNIQUE  FOR 

COMPOSITE  LAMINATES 
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Figure  16. 
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Results  are  presented  from  the  U.S.  Army-Aerostructures  Di rectorate/NASA- 
Langley  Research  Center  joint  research  program  on  helicopter  crashworthiness. 
Through  the  on-going  research  program  an  in-depth  understanding  has  been 
developed  on  the  cause/effect  relationships  between  material  and  architectural 
variables  and  the  energy-absorption  capability  of  composite  material  and 
structure.  Composite  materials  were  found  to  be  efficient  energy  absorbers. 
Graphite/epoxy  subfloor  structures  were  more  efficient  energy  absorbers  than 
comparable  structures  fabricated  from  Kevlar  or  aluminum.  An  accurate  method 
of  predicting  the  energy-absorption  capability  of  beams  was  developed. 


INTRODUCTION 

The  design  requirements  in  Mil-Std-1290,  reference  1,  define  the  crash 
scenarios  that  must  be  survivable  for  the  occupants  of  U.S.  Army  helicopters. 
Vehicle  crashworthiness,  as  specified  in  Mil-Std-1290,  requires  the  main- 
tai nance  of  a  protective  shell  around  the  occupants  in  addition  to  absorbing 
vehicle  kinetic  energy*  In  the  case  of  a  helicopter  the  protective  shell  is 
the  fuselage  structure.  The  crash  induced  loads  in  the  helicopter  fuselage 
structure,  per  the  requirements  of  Mil-Std-1290,  are  generally  greater  than 
loads  from  other  flight  or  ground  conditions. 

In  the  next  generation  of  military  helicopters,  composite  materials  will  be 
used  extensively  in  all  primary  structure.  Composite  materials  offer 
considerable  potential  advantages  over  metallic  materials  from  the  perspec¬ 
tive  of  weight  and  fabrication  cost.  However,  composite  materials  and 
structures  exhibit  brittle  failure  characteristics,  in  contrast  to  the 
benign  ductile  failure  characteristics  of  most  metallic  structures. 

Prior  to  the  design  of  the  next  generation  of  military  helicopters,  suffi¬ 
cient  technology  must  be  developed  to  design  crashworthy  fuselage  structure 
utilizing  composite  materials.  This  technology  includes  understanding  the 
cause/effect  relationships  of  energy  absorption  in  composite  materials  and 
developing  analysis  tools  and  design  methodology.  Once  the  material  response 
is  understood,  efficient  energy  absorbing  structural  subfloor  concepts  can  be 
developed. 
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The  U.S.  Army  Aerostructures  Directorate  and  NASA's  Langley  Research  Center 
formed  a  joint  research  program  to  develop  the  technology  required  to  design 
crashworthy  composite  helicopter  structure.  This  program  consists  of  a 
material  characterization  phase,  a  structural  element  phase,  and  a  fuselage 
section  demonstration  phase.  The  material  characterization  phase  consists  of 
investigations  to  understand  how  composite  materials  absorb  energy  and  how  the 
numerous  material  and  architectural  variables  effect  energy-absorption  capa¬ 
bility.  The  structural  element  phase  consists  of  two  parts:  subfloor  struc¬ 
ture  and  fuselage  structural  integrity.  Investigations  conducted  in  the 
structural  element  phase  include  the  development  of  energy  absorbing  subfloor 
beam  concepts,  analysis  methods,  and  fuselage  structural  integrity.  The  final 
phase,  a  fuselage  section  demonstration,  includes  the  design  and  fabrication, 
of  representative  floor  and  fuselage  sections.  These  sections  will  be  tested 
using  static  load  and  dynamic  impact  conditions. 

This  paper  presents  the  results  obtained  to  date  in  the  material  characteriza¬ 
tion  and  structural  element  phases.  Recent  developments  in  energy  absorbing 
composite  materials  and  structures  are  described.  Finally,  results  are 
presented  from  composite  fuselage  frame  investigations. 


SYMBOLS 

A  cross  sectional  area,  cm^. 

D  internal  diameter  of  circular  cross  section  tubes,  cm. 

E  epoxy  matrix. 

F  woven  fabric  material. 

G1  glass  fiber  reinforcement. 

Gr  graphite  fiber  reinforcement. 

H  graphite/Kevlar  hybrid  24  by  24  balanced  woven  fabric  material. 
"•C.E.  characteristic  element. 

K  Kevlar  fiber  reinforcement. 

N  number  of  plies, 

n  number  of  characteristic  elements. 

S  symmetric  ply  layup. 

S.E.  structural  element. 

T  tape  material, 

t  tube  wall  thickness,  cm. 

W  internal  width  of  square  cross  section  tubes,  cm. 

D/t  diameter-to-thickness  ratio  of  circular  cross  section  tubes. 

W/t  width-to-thickness  ratio  of  square  cross  section  tubes. 
a  average  crushing  stress.  Pa. 

p  material  density,  gr/cm  . 

e  ply  orientation  angle. 

0/p  specific  sustained  crushing  stress,  Nm/gr. 


TERMINOLOGY 

Specific  sustained  crushing  stress  -  average  crushing  load  divided  by  the 
product  of  the  specimen  cross  sectional  area  and  the  material  density. 

Characteristic  crushing  length  -  the  nominal  length  of  the  crushed  material. 
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Bias  ply  -  composite  ply  oriented  at  any  direction  other  than  along  the 
longitudinal  or  transverse  axis  of  the  specimen. 

DYCAST  -  finite  element  computer  code.  Dynamic  Crash  Analysis  of  Structures, 
reference  2. 


ENERGY  ABSORPTION  CHARACTERISTICS  OF  COMPOSITE  MATERIAL 

Design  of  efficient  energy  absorbing  structure  requires  understanding  the 
cause/effect  relationship  between  the  material  and  architectural  variables  and 
the  energy-absorption  capability  of  composite  materials.  Composite  materials 
and  structures  absorb  energy  in  modes  that  are  considerably  different  than 
those  of  metallic  materials  and  structures.  Tailoring  the  mechanical  response 
of  composites  using  material  property  variables  (fiber  and  matrix  stiffness 
and  failure  strain)  and  architectural  variables  (ply  orientation,  stacking 
sequence,  hybridization,  fiber  volume  fraction,  and  specimen  geometry)  is  well 
understood-.  However,  the  manner  in  which  these  variables  affect  the  energy- 
absorption  capability  of  composite  materials  is  not  well  understood.  Studies 
were  conducted  to  further  define  the  energy  absorption  process  of  composite 
materials.  These  studies  included  definition  of  the  crushing  process  and 
crushing  modes  and  the  energy  absorption  efficiency  of  several  composite 
materials  and  an  investigation  of  what  effect  material  property  variables, 
architectural  variables,  and  crushing  speed  have  on  the  energy-absorption 
capability  of  composite  materials. 

In  the  following  discussion,  data  are  presented  in  terms  of  the  specific 
sustained  crushing  stress  (a/p).  Specific  sustained  crushing  stress  is  a 
measure  of  energy-absorption  capability. 


Crushing  Modes/Processes 

Four  different  crushing  modes  and  combinations  of  the  four  modes  have  been 
identified  for  composite  materials,  as  reported  in  references  3-8  and  depicted 
in  figure  1.  These  four  modes  are  1)  local  buckling,  2)  transverse  shearing, 
3)  brittle  fracturing,  and  4)  lamina  bending.  The  local  buckling  mode  is 
similar  to  that  exhibited  by  ductile  metals.  This  crushing  mode  has  been 
demonstrated  by  both  ductile  (Kevlar)  and  brittle  (graphite  and  glass)  fiber 
reinforced  composites.  Ductile  fiber  composites  always  exhibit  the  local 
buckling  crushing  mode.  Ductile  fibers  plastically  deform  at  the  buckle  site 
along  the  compression  side  of  the  buckled  fibers.  The  fibers  can  also  split 
into  small  fibrils  along  the  tension  side  of  the  buckled  fibers.  Ductile 
fiber  reinforced  composites  remain  intact  after  being  crushed  and  thereby 
demonstrating  post-crushing  integrity.  The  post-crushing  integrity  of  ductile 
fiber  reinforced  composites  is  a  result  of  fiber  plasticity  and  fiber  split¬ 
ting.  Brittle  fiber  composites  only  exhibit  the  local  buckling  crushing  mode 
when  the  ply  orientations  are  such  that  interlaminar  stresses  which  are  small 
relative  to  the  strength  of  the  matrix  and  when  the  matrix  is  a  high  failure 
strain  and  low  stiffness  material.  The  combination  of  a  high  failure  strain/ 
low  stiffness  matrix  with  certain  ply  orientations  reduces  or  prevents  inter¬ 
laminar  cracking  from  occurring  in  the  crushing  process.  If  the  interlaminar 
cracks  are  eliminated  the,  tube  crushes  in  the  local  buckling  mode  or  fails 
catastrophically  and  is  unable  to  carry  load. 
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The  brittle  fracturing,  lamina  bending,  and  transverse  shearing  modes  are 
exhibited  exclusively  by  brittle  fiber  reinforced  composites.  These  crushing 
modes  are  a  function  of  the  mechanical  properties  of  the  constituent 
materials.  Generally,  one  or  multiple  interlaminar  cracks  are  formed  through 
the  thickness  of  the  composite.  The  number,  location,  and  length  of  the 
cracks  are  a  function  of  architecture  and  constituent  material  properties. 

The  interlaminar  cracks. form  lamina  bundles  which  can  act  as  columns.  As  the 
load  is  applied  the  interlaminar  cracks  grow  until  the  column  buckles  and 
either  the  edges  of  the  column  are  sheared  away  forming  a  conical  shaped  cross 
section  (transverse  shearing  mode),  fractured  (brittle  fracturing  mode),  or 
bent  (lamina  bending  mode). 

Just  as  strain  rate  can  effect  the  mechanical  response  of  a  material,  crushing 
speed  can  effect  the  energy-absorption  capability  of  composite  materials.  To 
understand  how  crushing  speed  influences  energy-absorption  capability  it  is 
necessary  to  determine  how  crushing  speed  affects  the  mechanisms  that  control 
the  crushing  process. 

The  controlling  mechanisms  in  the  four  crushing  modes  are:  transverse  laminate 
strength  (transverse  shearing  crushing  mode),  matrix  strength  (brittle  frac¬ 
turing  and  lamina  bending  crushing  modes),  lamina  bundle  bending  strength 
(brittle  bracturing  crushing  mode),  and  fiber/matrix  yield  strength  (local 
buckling  crushing  mode).  The  transverse  strength  of  a  laminates  typically 
used  in  helicopter  structural  applications  is  primarily  a  function  of  fiber 
strength.  Therefore,  if  the  fiber's  mechanical  response  is  a  function  of 
strain  rate  then  the  energy-absorption  capability  of  specimens  that  crush  in  a 
transverse  shearing  mode  can  be  a  function  of  crushing  speed. 

Matrix  strength  controls  the  interlaminar  crack  growth  in  both  the  brittle 
fracturing  and  lamina  bending  crushing  modes.  Many  polymeric  matrix  materials 
exhibit  mechanical  responses  that  are  a  function  of  strain  rate.  Therefore,  a 
specimen  that  exhibits  either  the  brittle  fracturing  mode  or  lamina  bending 
mode  can  exhibit  energy-absorption  capability  that  is  a  function  of  crushing 
speed.  Crushing  speed  will  effect  energy-absorption  capability  when  the  per¬ 
centage  of  energy  absorbed  by  the  interlaminar  crack  growth  is  a  significant 
part  of  the  total  energy  absorbed.  For  that  reason,  specimens  that  crush  in 
the  lamina  bending  mode  will  be  more  affected  than  specimens  that  crush  in  the 
brittle  fracturing  mode.  In  the  lamina  bending  crushing  mode  a  significant 
portion  of  the  total  energy  absorbed  is  by  interlaminar  crack  growth,  whereas 
the  converse  is  true  for  the  brittle  fracturing  mode. 

The  bending  strength  of  the  lamina  bundle  controls  the  fracturing  of  the 
lamina  bundle  in  the  brittle  fracturing  crushing  mode.  The  mechanical 
response  of  the  lamina  bundle  is  primarily  a  function  of  either  fiber  (e.g., 

0  degree  lamina  bundle)  or  matrix  (e.g.,  90  degree  lamina  bundle  or  low  fiber 
volume  fraction  material).  Therefore,  if  the  mechanical  response  of  the  domi¬ 
nant  property  (fiber  or  matrix)  is  a  function  of  strain  rate  then  the  energy- 
absorption  capability  of  the  lamina  bundle  can  be  a  function  of  crushing 
speed. 

The  mechanism  that  controls  the  local  buckling  crushing  mode  is  the  yield 
strength  of  the  fiber  and/or  matrix.  Brittle  fiber  reinforced  composites 
can  produce  the  local  buckling  crushing  mode  only  if  the  matrix  has  a  low 
stiffness  and  high  failure  strain.  If  the  matrix  mechanical  response  is  a 
function  of  strain  rate  then  the  energy-absorption  capability  can  be  a  func- 
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tion  of  crushing  speed.  Ductile  fiber  reinforced  composites  crush  in  the 
local  buckling  mode  because  of  either  the  fiber  or  matrix  properties. 
Therefore,  if  either  the  fiber  or  matrix  mechanical  response  is  a  function  of 
strain  rate  then  the  energy-absorption  capability  can  be  a  function  of 
crushing  speed. 


ENERGY-ABSORPTION  EFFICIENCY 

Debris  size  of  crushed  material  (characteristic  crushing  length)  is  a 
qualitative  measure  of  energy-absorption  efficiency.  The  characteristic 
crushing  length  of  specimens  that  exhibit  transverse  shearing  mode,  brittle 
fracturing  mode,  lamina  bending  mode,  and  local  buckling  mode  are  on  the  order 
of  a  lamina  thickness,  a  laminate  thickness,  lO-lDO  laminate  thicknesses,  and 
10-50  laminate  thicknesses,  respectively.  The  smaller  the  characteristic 
crushing  length  the  greater  the  energy-absorption  efficiency.  This  ordering 
of  energy-absorption  crushing  efficiency  is  applicable  only  to  specimens  of 
the  same  material.  Different  materials  have  different  energy-absorption 
potential.  A  specimen  fabricated  from  a  material  that  has  a  high  energy- 
absorption  potential  can  have  a  greater  energy-absorption  capability  despite  a 
less  efficient  crushing  mode  than  a  specimen  fabricated  from  a  material  that 
has  a  lower  energy-absorption  potential  but  crushes  in  a  more  efficient  mode. 


EFFECT  OF  MATERIAL  PROPERTIES 
Fiber  and  Matrix  Failure  Strain 

A  series  of  studies,  references  9  and  10,  were  performed  to  determine  the 
effect  of  fiber  and  matrix  failure  strain  on  energy-absorption  capability  of 
graphite  and  Kevlar  reinforced  composites.  These  studies  were  conducted  using 
low  failure  strain  (T300),  intermediate  failure  strain  (AS4)  and  high  failure 
strain  (AS6)  graphite,  and  with  Kevlar  fibers.  These  fibers  were  embedded 
into  low  failure  strain  (934),  intermediate  failure  strain  (5245  and  974), 
high  failure  strain  (F185),  and  toughened  interleafed  (HST-7)  matrices. 

Table  1  presents  the  combinations  of  these  fibers  and  matrices  used  in  this 
study.  Based  upon  the  results  of  these  studies,  as  shown  in  figures  2  and  3, 
composite  materials  composed  of  low  and  intermediate  failure  strain  graphite 
fibers  and  matrices  (T300/934,  AS4/934,  T3n0/5245,  and  AS4/5245)  generally 
exhibit  an  increase  in  energy-absorption  capability  as  failure  strain 
increased.  The  predominant  crushing  mode  of  the  materials  was  a  brittle 
fracturing  mode  with  lamina  bending.  The  energy-absorption  trends  for  the  low 
and  intermediate  failure  strain  material  are  generally  consistent  with  mechan¬ 
ical  response  trends  of  these  composites.  However,  these  trends  do  not  hold 
for  high  strain  fiber  and  matrix  material  (AS6/F185)  and  the  high  strain 
fibers  in  a  toughened  matrix  material  (AS6/HST-7)  as  shown  in  figure  4.  The 
crushing  mode  of  the  high  strain  material  changed  from  a  predominantly  brittle 
fracturing  to  a  predominantly  lamina  bending  mode  or  to  a  local  buckling 
crushing  mode.  The  energy-absorption  capability  of  the  high  strain  and 
toughened  composites  were  substantially  less  than  the  intermediate  strain 
(AS4/5245)  material.  The  crushing  mode  of  the  toughened  material  was  a  mix¬ 
ture  of  brittle  fracturing  and  lamina  bending  and  energy-absorption  capability 
was  similar  to  that  exhibited  by  the  AS4/934  material.  The  toughened  inter¬ 
leafed  material  consists  of  a  low  failure  strain  matrix,  similar  to  the  934 
matrix,  with  a  high  failure  strain  adhesive  between  the  plies.  The  adhesive 
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layer  was  ineffective  in  stopping  the  interlaminar  cracks  because  the  cracks 
formed  in  the  low  failure  strain  matrix  adjacent  to  the  adhesive  layer. 

Similar  studies  were  conducted  using  Kevlar-49  in  934  and  974  matrices  to 
determine  the  effect  of  matrix  failure  strain  on  the  energy-absorption  capa¬ 
bility  of  a  ductile  fiber  reinforced  composite  material.  As  shown  in  fig¬ 
ure  5,  a  5  to  15  percent  decrease  in  energy-absorption  capability  occurred  as 
matrix  failure  strain  increased  from  1  to  2  percent.  The  crushing  mode  and 
crushing  load  level  are  primarily  controlled  by  the  compression  characteris¬ 
tics  of  the  fiber.  Kevlar  fibers  exhibit  an  inherent  failure  mechanism 
related  to  its  plastic  deformation.  Therefore,  matrix  failure  strain  would 
have  little  effect  on  altering  the  fiber  failure  load  or  mode. 


Effect  of  Fiber  Stiffness 

The  effects  of  fiber  stiffness,  reference  10,  on  the  energy-absorption  capa¬ 
bility  were  evaluated  for  brittle  fiber  reinforcements  using  T300,  P55,  and 
P75  graphite  fibers  in  a  common  matrix  (934).  It  is  difficult  in  studies  of 
this  type  to  isolate  the  effects  of  a  single  property  on  energy-absorption 
capability.  Two  cases  were  cited  in  the  previous  section  where  a  change  in 
a  secondary  material  property  altered  the  crushing  response.  In  this  evalua¬ 
tion  the  effects  of  fiber  stiffness  were  studied.  However,  the  fibers  have 
significantly  different  failure  strains.  The  failure  strain  of  the  T300,  P55, 
and  P75  graphite  fibers  are  0.012,  0.005,  and  0.004,  respectively. 

Figures  6  and  7  show  that  energy-absorption  capability  decreased  nonli nearly 
with  respect  to  increasing  fiber  stiffness.  The  difference  in  energy-absorp¬ 
tion  capabilities  demonstrated  by  the  material  systems  is  proportional  to 
the  difference  in  fiber  failure  strain.  This  proportionality  between  energy 
absorption  and  fiber  failure  strain  is  apparent  upon  examining  the  energy- 
absorption  trends  for  ply  orientations  where  fibers  are  principally  oriented 
in  the  direction  of  the  applied  load  such  as  [n/±15j^  and  [±1510.  These 
results  suggest  that  changes  in  fiber  stiffness  affect  energy-absorption 
capability  less  than  changes  in  fiber  failure  strain,  provided  the  different 
materials  crush  in  the  same  mode.  The  P55/934  and  P75/934  material  exhibited 
a  progressive  transverse  shearing  crushing  mode.  The  residue  formed  by  crush¬ 
ing  the  P55/934  and  P75/934  was  like  powder  whereas  residue  from  the  T300/934 
material  was  coarser.  These  results  indicate  that  the  high  failure  strain 
brittle  fibers,  such  as  glass,  have  significant  potential  for  absorbing  energy 
provided  the  load  carrying  fibers  can  be  sufficiently  stabilized  to  crush  in  a 
transverse  shearing  or  a  brittle  fracturing  mode. 


EFFECT  OF  SPECIMEN  ARCHITECTURE 

Effects  of  Ply  Orientation  and  Material  Form 

Ply  orientation  is  one  of  the  most  important  variables  available  to  the 
composite  structural  designer  to  tailor  the  mechanical  response  of  a  composite 
laminate.  The  stiffness  and  strength  of  a  laminate  are  a  direct  function  of 
the  ply  orientation.  However,  energy-absorption  capability  is  not  as  well 
defined.  The  effects  of  ply  orientation  on  the  crushing  response  of  tube 
specimens  was  investigated. 
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Tests  were  conducted,  reference  3,  on  T300/934  (Gr/E),  E-G1/934  (Gl/E),  and 
K/934  (K/E)  tube  specimens,  as  shown  in  figure  8,  to  determine  the  effect  of 
ply  orientation  on  energy-absorption  capability.  Only  the  results  from  the 
[0/±e\  specimens  will  be  discussed.  The  energy-absorption  trends  for  the 
materials  differed  significantly.  As  the  ply  angle  increased,  the  energy- 
absorption  capability  of  the  Gr/E  material  decreased.  This  trend  is  consis¬ 
tent  with  the  general  mechanical  response  of  such  composites.  However,  the 
opposite  trend  occurred  for  the  Gl/E  and  K/E  material.  Energy-absorption 
capability  generally  increased  with  increasing  ply  angle.  The  difference  in 
energy-absorption  trends  can  be  explained  by  examination  of  the  crushing 
modes. 

The  Gr/E  specimens  crushed  in  a  brittle  fracturing  mode  while  the  Gl/E  and  K/E 
specimens  crushed  in  a  lamina  bending  and  local  buckling  mode,  respectively. 

As  previously  discussed,  the  brittle  fracturing  mode  exhibited  by  the  Gr/E  is 
a  more  efficient  energy-absorption  mode  than  the  lamina  bending  or  the  local 
buckling  modes.  These  energy-absorption  trends  can  be  related  to  the  consti¬ 
tuent  properties  of  the  fiber  and  matrix. 

In  the  case  of  the  Gr/E  specimens,  the  matrix  is  sufficiently  stiff  and  has 
sufficient  failure  strain  to  stabilize  the  axially  oriented  Gr  fibers. 
Therefore,  the  crushing  load,  hence  energy-absorption  capability,  is  a  func¬ 
tion  of  axial  stiffness.  At  bias  ply  orientations  greater  than  45  degrees, 
the  bias  plies  began  to  provide  lateral  support  to  the  axially  oriented 
fibers.  That  is,  the  bias  plies  helped  the  matrix.  Beyond  60  degrees  the 
loss  of  axial  stiffness  balanced  out  the  increased  lateral  support  provided  by 
the  bias  plies  and  resulted  in  a  relatively  constant  energy-absorption  capa¬ 
bility. 

The  glass  fibers  in  tube  specimens  that  have  fibers  oriented  in  the  direction 
of  the  applied  load  are  not  adequately  stabilized  by  the  matrix  which  results 
in  a  less  efficient  energy-absorption  mode  (lamina  bending).  As  the  bias 
plies  become  more  circumferentially  oriented  the  energy-absorption  capability 
increased  even  though  the  axial  stiffness  decreased.  At  bias  ply  angles 
greater  than  45  degrees,  the  bias  plies  provide  lateral  support  to  stabilize 
the  axial  fibers.  Further  increase  in  circumferential  fiber  angle  beyond 
60  degrees  provided  no  additional  support  to  the  axial  fibers.  A  similar 
crushing  scenario  applies  to  the  K/E  specimens  except  that  the  K/E  specimens 
crushed  in  a  local  buckling  mode. 

Another  important  parameter  influencing  energy-absorption  capability  is  the 
material  form,  such  as  tape,  planar  woven,  or  filament  wound  material.  The 
majority  of  the  studies  have  been  performed  with  specimens  fabricated  using 
tape  and  planar  woven  composite  prepreg  material.  The  characteristic  crushing 
length  of  the  tape  material  is  a  function  of  the  fiber  and  matrix  mechanical 
properties  and  ply  orientation  as  previously  discussed.  The  woven  material 
has  a  built-in  failure  initiator  at  each  undulation  of  the  reinforcement  tow. 
These  undulations  can  predetermine  the  characteristic  crushing  length  of  the 
material.  In  the  case  of  glass  reinforced  composites,  the  undulations  of  the 
woven  material  can  change  the  crushing  modes  from  lamina  bending  to  a  brittle 
fracturing  mode.  Changes  of  this  type  can  influence  the  energy-absorption 
capability.  If  the  characteristic  crushing  length  of  a  specimen  is  less  than 
the  spacing  of  undulations,  then  the  woven  material  will  have  a  lower  energy- 
absorption  capability  than  the  nonwoven  material.  In  this  case,  the  undula¬ 
tion  reduces  the  bending  stiffness  of  the  lamina  bundles  resulting  in  a  lov^’e^ 
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energy-absorption  capability  for  the  woven  material.  Filament  wound  specimens 
typically  crush  in  modes  similar  to  those  of  specimens  fabricated  using  tape 
prepreg  provided  the  interleave  spacing  is  greater  than  the  characteristic 
crushing  length. 


Effects  of  Stacking  Sequence 

Lamina  stacking  sequence  can  be  an  important  variable  in  tailoring  the  bending 
stiffness  of  a  composite  laminate  and,  therefore,  will  have  significant  impli¬ 
cations  with  respect  to  energy-absorption  capability,  as  reported  in  reference 
10.  Figure  9  shows  the  effect  of  stacking  sequence  on  a  hybrid  composite  and 
figure  10  examines  this  same  effect  on  fir/E  and  K/E  [±451  composites. 


Figure  9  shows  the  effect  of  stacking  sequence  on  the  energy-absorption  capa¬ 
bility  of  [+45^p/0'’''iQj/-45Hp1  and  [0^’r5j/±45Hp/0firg^l 

tube  specimens.  The  difference  between  these  two  stacking  sequences  is  the 
position  of  the  0  degree  fir/E  plies.  In  the  first  specimen  the  0  degree  fir/E 
plies  are  in  the  center  of  the  layup,  whereas,  the  0  degree  fir/E  plies  are  on 
the  outside  in  the  second  specimen.  A  300  percent  difference  in  energy- 
absorption  capability  was  obtained  for  these  hybrid  composite  specimens.  The 
difference  in  energy-absorption  capability  is  attri-buted  to  the  crushing 
mode  of  the  0  degree  plies.  The  0  degree  graphite  plies  of  the  r+45^p/ 
gfir  /_45H  ]  specimens  crushed  in  a  brittle  fracturing  mode  while  the 
0  degree  graphite  plies  of  the  ro^''5x/±45^p/Of’''5jl  specimens 
crushed  in  a  lamina  bending  mode.  Both  types  of  specimens  exhibited  post¬ 
crushing  integrity  as  a  result  of  the  hybrid  woven  fabric  plies.  Current  com¬ 
posite  design  practice  would  avoid  layups  concentrating  all  the  0  degree  plies 
either  in  the  center  or  on  the  outer  surfaces.  From  an  energy  absorption 
consideration  the  0  degree  plies  should  not  be  located  on  the  outer  surfaces. 


Stacking  sequence  does  not  always  have  as  significant  effect  on  energy-absorp¬ 
tion  capability.  In  figure  10  the  test  results  of  two  different  combinations 
of  [±45]  Gr/E  plies  and  three  different  combinations  of  [±45]  K/E  plies  are 
presented.  Only  a  5  percent  change  in  energy-absorption  capability  was  demon¬ 
strated  by  the  [±45]g  and  [±450/+452]  Gr/E  specimens.  Both  [+45]g  and  [±45^/ 
+45o]  Gr/E  specimens  exhibited  the  characteristic  brittle  fracturing  mode.  _ 
The^ energy-absorption  capability  of  the  [+45g/-45gJ  K/E  specimens  was  approxi¬ 
mately  30  percent  lower  than  the  [±45]g  and  [±452/+453]  K/E  specimens.  The 
[+45g/-45g]  specimens  exhibited  the  characteristic  buckling  crushing  mode 
although  niore  extensive  interlaminar  delaminations  occurred  than  in  the  [±45]g 
or  [±453/+452l  specimens.  Conventional  manufacturing  practices  typically  do 
not  allw  the  segregation  of  plies  in  a  manner  representative  of  the  [+45g/ 
-45g]  layup.  Therefore,  for  most  practical  combinations  of  45  degree  plies 
stacking  sequence  has  negligible  effect  on  energy  absorption. 

A  third  example  will  demonstrate  how  concentrating  all  the  plies  in  the  center 
of  the  laminate  can  lead  to  unexpected  results.  A  series  of  tests  were  con¬ 
ducted  on  [±45’^/0^''w]c  ply  orientations  where  N=3,  6,  9,  and  IB.  The 
test  results  are  shown  in  figure  11  and  typical  crushed  tubes  are  shown  in 
figure  12.  In  this  study,  the  ply  orientations  of  the  K/E  plies  were  at 
±45  degrees  which  is  representative  of  typical  ply  orientations  in  helicopter 
subfloor  beams.  The  unidirectional  fir/E  plies  were  oriented  such  that  the 
fibers  were  in  the  direction  of  the  applied  crushing  load,  i.e.,  in  the  direc¬ 
tion  to  achieve  maximum  energy-absorption  capability. 
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Previous  tests  had  shown  that  increasing  the  percentage  of  graphite  plies 
oriented  in  the  direction  of  applied  load  would  produce  higher  energy-absorp¬ 
tion  capability.  The  test  results  shown  in  figure  11  exhibit  the  opposite 
trend.  The  reason  for  this  trend  is  evident  upon  examination  of  the  crushing 
modes  shown  in  figure  12.  As  N  (the  number  of  0  degree  plies)  increased,  the 
crushing  mode  of  the  Gr/E  plies  changed  from  a  brittle  fracturing  mode,  to  a 
predominantly  lamina  bending  mode.  However,  in  all  cases  the  energy-absorp¬ 
tion  capability  of  [±45’^/0”''n]s  exceeds  the  energy-absorption  capa¬ 
bility  of  aluminum.  Ideally  the  circumferentially  oriented  plies  (i.e.,  the 
K/E  plies)  should  be  interspersed  through  the  laminate  which  would  insure  the 
Gr/E  plies  crush  in  a  brittle  fracturing  mode. 


Effect  of  Fiber  Volume  Fraction 

The  effect  of  fiber  volume  fraction,  reference  10,  on  the  energy-absorption 
characteristics  of  Gr/E  and  K/E  composites  is  shown  in  figures  13  and  14, 
respectively.  Prepreg  materials  with  different  percentages,  between  40  and 
70  percent,  of  fiber  (by  volume)  were  used  to  make  tube  specimens.  As  shown 
in  figure  13,  the  [±45]6  and  [O/ilB]^  specimens  exhibited  an  approximate 
10  percent  decrease  in  energy-absorption  capability  while  the  [0/±75]^  speci¬ 
mens  exhibited  an  insignificant  change  in  energy-absorption  capability  as 
fiber  volume  fraction  increased  between  40  and  55  percent.  As  the  volume  of 
matrix  between  fibers  decreases,  the  interlaminar  strength  of  the  composite 
typically  decreases.  As  the  interlaminar  strength  decreases,  interlaminar 
cracks  form  at  lower  loads,  resulting  in  a  reduction  in  energy-absorption 
capability.  Also,  as  fiber  volume  fraction  increases  the  density  of  the 
composite  increases  which  results  in  a  lower  energy-absorption  capability. 

The  effect  of  fiber  volume  fraction  on  energy-absorption  capability  of  Kevlar 
reinforced  composites  is  shown  in  figure  14.  Between  fiber  volume  fractions 
of  46  and  55  percent,  the  change  in  energy  absorption  was  negligible  for  all 
ply  orientations.  The  densities  of  the  Kevlar  fiber  and  the  matrix  are 
similar,  therefore  fiber  volume  fraction  has  little  effect  on  energy-absorp¬ 
tion  capability  provided  the  reduction  in  matrix  between  fibers  does  not 
affect  the  crushing  mode.  Both  the  C±45lg  and  [0/±75]^  ply  orientations 
exhibited  approximately  a  10  percent  decrease  in  energy-absorption  capability 
between  fiber  volume  fractions  of  54  and  70  percent.  The  energy-absorption 
capability  of  the  [0/±15]^  ply  orientation  increased  approximately  10  percent 
between  fiber  volume  fractions  of  55  and  66  percent. 


Effects  of  Material  Hybridization 

The  term  hybrid  composite  material  encompasses  a  large  class  of  composite 
materials.  Hybrids  include  both  combinations  of  different  reinforcement 
fibers  in  a  laminate  or  a  combinations  of  different  material  forms  of  the  same 
fiber  system  such  as  tape  and  fabric.  Most  of  the  specimens  that  were  fabri¬ 
cated  with  hybrid  materials  had  different  reinforcement  fibers  such  as 
graphite-Kevlar  or  graphite-glass.  Kevlar  exhibits  a  local  buckling  crushing 
mode  and  has  post-crushing  integrity,  which  may  be  advantageous  for  certain 
structural  applications.  However,  Kevlar  composites  are  not  as  efficient 
energy  absorbers  as  graphite  composites.  There  are  applications,  such  as  the 
subfloor  structure,  where  combining  the  post-crushing  integrity  characteris¬ 
tics  of  Kevlar  with  the  high  energy-absorption  capability  of  graphite  can 
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be  beneficial. 


A  number  of  studies,  references  3  and  10,  have  been  conducted  to  evaluate 
the  energy-absorption  potential  of  hybrid  materials.  Only  two  of  these 
materials  will  be  discussed  here.  Figure  15  depicts  the  energy-absorption 
capability  of  Gr-K/E  and  [+45Hp/0Grgj]^  materials.  The 

[±45Hpi2  hybrid  woven  fabric  material  is  a  balance  weave  fabric  composed 
of  alienating  tows  of  graphite  and  Kevlar  reinforcement.  The  [+45'^p/ 
gGr  ]  hybrid  consists  of  the  aforementioned  hybrid  woven  fabric 
enclosig  10  plies  of  unidirectional  graphite  tape.  The  energy-absorption 
capability  of  the  [±45Hp]2  is  approximately  the  average  of  the  [±4b-|-Jg 
Gr/E  and  K/E  materials  and  the  hybrid  material  also  has  post-crushing  inte¬ 
grity.  These  results  suggest  that  the  hybrid  material  could  be  a  direct 
replacement  for  Kevlar,  both  improving  the  energy-absorption  capability  and 
possessing  post-crushing  integrity.  The  [+45'^f/0 ''"ST^S 
material  has  an  energy-absorption  capability  that  exceeds  all  fir/E  layups 
evaluated  and  is  25  percent  greater  than  6061-T6  aluminum.  This  hybrid  also 
has  post-crushing  integrity. 


Effects  of  Specimen  Geometry  and  Scalability 

To  date  there  is  no  standard  test  specimen  or  test  method  for  characterizing 
the  energy-absorption  capabilities  of  composite  materials.  To  quantify  the 
energy-absorption  capability  of  composites  tubular  specimens  have  been 
employed.  However,  the  geometry  (i.e.,  characteristic  dimension,  wall  thick¬ 
ness,  and  cross  sectional  shape)  of  these  specimens  can  significantly  affect 
energy-absorption  capability.  Understanding  the  effects  of  specimen  geometry 
is  important  for  predicting  the  energy-absorption  capability  of  subfloor  beam 
structure. 

A  series  of  studies,  references  11  and  12,  were  conducted  using  circular  and 
square  cross  section  tube  specimens  fabricated  with  Gr/E  and  K/E.  Tube  ply 
orientations  were  [±45]^^.  This  ply  orientation  is  used  in  typical  subfloor 
beam  structure.  Circular  cross  section  tube  diameters  ranged  from  1,27  cm  to 
10.16  cm.  The  number  of  ±45  ply  pairs  (N)  was  between  2  and  24  resulting  in 
internal  diameter-to-wal 1  thickness  (O/t)  ratios  of  1.4  to  125.  The  energy- 
absorption  trends  for  the  circular  cross  section  tube  specimens  are  shown  in 
figures  16  and  17.  The  energy-absorption  capability  of  Gr/E  circular  cross 
section  tubes  is  a  nonlinear  function  of  tube  D/t  ratio.  All  Gr/E  tubes 
exhibited  a  progressive  brittle  fracturing  crushing  mode.  A  significant 
finding  was  that  each  diameter  tube  produced  a  different  nonlinear  response. 

A  reduction  in  tube  D/t  ratio  results  in  an  increase  in  energy-absorption 
capability.  This  increase  in  energy-absorption  capability  is  related  to  a 
reduction  in  interlaminar  cracking  in  the  crushed  region  of  the  tube.  As  the 
length  and  number  of  interlaminar  cracks  decreases,  the  buckling  load  of  the 
associated  lamina  bundles  increases.  These  results  suggest  that  as  D/t  ratio 
decreases  the  sustained  crushing  stress  approaches  the  compressive  strength  of 
the  material.  Therefore,  the  energy-absorption  potential  of  a  composite 
material  is  its  compressive  strength. 

The  K/E  circular  cross  section  tubes  also  exhibited  a  nonlinear  energy-absorp¬ 
tion  capability  as  a  function  of  tube  D/t  ratio  as  depicted  in  figure  17. 
Unlike  the  Gr/E  tube  results,  the  K/E  test  results  do  not  show  a  different 
energy-absorption  capability  as  a  function  of  tube  inside  diameter.  When 
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crushed,  all  K/E  tubes,  exhibited  the  characteristic  local  buckling  crushing 
mode.  The  buckle  wave  length  varied  with  tube  geometry  (tube  diameter  and 
wall  thickness). 

The  nonlinear  variation  in  energy-absorption  capability  with  D/t  ratio  is 
similar  to  the  classic  short  wave  length  buckling  response  of  axially  com¬ 
pressed  metallic  cylinders.  Closed  form  buckling  equations  for  metallic 
cyclinders  predict  a  linear  variation  in  buckling  load  with  D/t  ratio, 
although  tests  yield  a  quadratic  behavior.  The  differences  between  test  and 
analytical  predictions  are  generally  attributed  to  inelastic  behavior  of  the 
material  and  local  imperfections. 

Kevlar  fibers  exhibit  inelastic  compressive  behavior  similar  to  that  of 
metallic  materials.  The  nonlinear  response  with  respect  to  D/t  ratio  is 
partially  attributed  to  the  fibers'  inelastic  response  and  tube  imperfection. 
The  increase  in  energy-absorption  capability  as  D/t  ratio  decreases  is  related 
to  a  decrease  in  interlaminar  cracking.  The  decreased  interlaminar  cracking 
reduces  the  magnitude  of  the  local  imperfections  which  directly  affects  the 
buckling  load  and,  hence,  the  energy-absorption  capability. 

Square  cross  section  Gr/E  and  K/E  tubes  with  ply  orientations  of  [±45]|\|  were 
also  evaluated.  The  results  are  depicted  in  figures  18  and  19.  fhe  inside 
tube  widths  ranged  from  1.27  cm  to  7.62  cm.  The  number  of  ±45  ply  pairs 
(N)  were  between  2  and  8  resulting  in  tube  width-to-wal 1  thickness  ratios  of 
between  6  and  125.  The  energy-absorption  capability  of  Gr/E  tubes  is  a  non¬ 
linear  function  of  W/t  ratio.  Generally,  as  W/t  ratio  decreased  the  energy- 
absorption  capability  increased  and  reached  a  maximum  between  W/t  ratio  of  20 
and  55.  With  further  decreases  in  W/t  the  energy-absorption  capability 
decreased.  The  predominant  crushing  mode  was  a  lamina  bending  mode  or  a  com¬ 
bined  brittle  fracturing  and  lamina  bending  mode.  All  Gr/E  tubes  also  exhibi¬ 
ted  a  laminate  tearing  mode  at  the  corners  of  the  tubes.  Square  cross  section 
tubes  had  lower  energy-absorption  capability  than  comparable  size  circular 
cross  section  tubes. 

The  energy-absorption  capability  of  K/E  square  cross  section  tube  specimens  is 
a  nonlinear  function  of  tube  W/t  ratio  as  depicted  in  figure  19.  This  trend 
is  similar  to  that  of  circular  cross  section  tube  specimens.  The  increase  in 
energy-absorption  capability  with  respect  to  decreasing  W/t  ratio  is  related 
to  the  reduced  interlaminar  cracking  and  is  consistent  with  the  buckling  load 
characteristic  of  edge  supported  plates. 

All  of  the  K/E  specimens  crushed  in  a  progressive  local  buckling  mode.  The 
buckle  wave  length  is  a  function  of  tube  geometry  (width  and  wall  thickness). 
The  magnitude  of  the  variation  of  the  crushing  force  was  a  function  of  W/t 
ratio.  The  greater  the  W/t  ratio  the  greater  the  variation  in  crushing 
force. 

Tube  specimens  were  geometrically  scaled  by  proportionally  changing  tube 
inside  diameter  or  width  and  wall  thickness.  If  the  energy-absorption  capa¬ 
bility  of  these  tubes  were  geometrically  scalable,  tube  specimens  that  have 
the  same  D/t  or  W/t  ratio,  although  different  diameters  or  widths  and  thick¬ 
nesses,  should  have  similar  energy-absorption  capabilities.  The  test  results 
shown  in  figures  16-19  suggest  the  energy-absorption  capability  of  Gr/E  tubes 
was  not  geometrically  scalable  while  the  energy-absorption  capability  of  K/E 
tubes  was  scalable. 
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Effects  of  Crushing  Speed 

Tests  were  conducted,  reference  4,  to  investigate 

tion  capability  of  Gr/E  and  K/E  composite  Mtefis’s  Figurer?n 

•wDped  Tube  specimen  ply  orientations  were  [0/±ej2  and  I -oJ^.  ngures  m 
and  21  present^the  test  results  for  crushing  speeds  between  10  m/sec  and 
12  m/sec.  The  energy-absorption  trends  varied  for  the  different  materials  an 
ply  orientations  evaluated. 

The  energy-absorption  capability  of  [O/±0l2  ''’f'/E  specimens  was  not 
by  crushing  speed.  All  specimens  crushed  1".a  bntt  e  mode  In 

the  brittle  fracturing  mode  the  energy  associated  with  the 

lamina  bundles  is  considerably  more  than  "^^'the 

laminar  crack  growth.  The  0  degree  plies  reduced  strain  rate  effects  in  tne 
SnUal  response  of  the  lamina  bundles.  Therefore,  the  energy-absorption 
capability  of  [O/±0!)2  specimens  should  not  be  a  function  of  the  crus  ing 

speed. 

The  energy-absorption  capability  of  [±033  Gr/E  specimens  was  ® 
crushing  speed.  As  ply  orientation  angle,  0,  increased  from  15  to  75  degrees 
the  magnitude  of  the  effects  of  crushing  speed  on  energy-absorption  capability 
increased.  Energy-absorption  capability  increased  as  much  as  16  percent  over 
tUrspeed  ranged  tested.  All  [tel,  specimens  crushed  in  predominantly  a  brit- 
tie  fracturing  mode.  As  the  ply  orientation  angle  increased  from  15  to 
75  degrees  the  mechanical  response  of  the  lamina  bundles  became  more  strongly 
Tnf^uenced  by  thrmatrix  properties  than  by  the  fiber  properties.  Correspond- 
ingly  the  percent  of  the  total  energy  absorbed  by  the  fracturing  of  the 

lamina  bundles  decreased.  Therefore,  the  energy  f  by 

crack  growth  relative  to  the  total  energy  absorbed  increased.  Thus,  the 

enefgy-absorption  capability  of  the  [±913  Gr/E  specimens  are  a  function  of 

crushing  speed  and  ply  orientation. 

Fiaiirp  21  shows  the  effect  of  crushing  speed  on  the  energy-absorption 

clpabiirty  0?  !oJ±6\  AdK  specimens.  A1  K/E  tube  specime  s 

frSshed  in  the  local^uckling  mode.  The  energy-absnrptinn  capabil  ty  of  K/  E 
is  a  function  of  crushing  speed,  particularly  between  6  m/sec  and  12 
Energy-absorption  capability  increased  between  20  a"<l  AO  p|rcent  for  both 
ro/±0lo  and  [±0]3  specimens  between  crushing  speeds  of  10  f^/sec 
1?  m/sec  Soecimens  with  fibers  predominantly  oriented  in  the  direction  of 
JL Applied  ?oane!g!,  [O/aIB:^  5nd  IMl,)  exhibited  the  most  tisnif-cant 

increase  in  energy-absorption  capability  as  f  fjE™ 

fi  m/sec  to  12  m/sec.  The  mechanical  response  of  Kevlar  fibers  is  a  ninction 
of  strain  rate,  therefore,  the  observed  changes  in  energy-absorption  capa¬ 
bility  are  reasonable. 

The  results  describing  the  effect  of  crushing  speed  are  consistent  with  the 
crushing  process  described  in  a  previous  section.  Energy-absorption  capa¬ 
bility  is  a  function  of  crushing  speed  when  the  mechanical  response  of  t 
controlling  crushing  mechanisms  is  a  function  of  strain  rate. 


COMPOSITE  SIJBFLOOR  BEAM  CONCEPTS  FOR  ENERGY  ABSORPTION 


in  figure  22  and  details  are  available  in  reference  13.  In  this  section  the 
relative  energy-absorption  capabilities  of  the  different  concepts  are  dis¬ 
cussed.  The  energy-absorption  trends  of  the  beams  are  compared  with  the 
material  response  based  upon  tube  tests.  Finally,  a  method  to  predict  the 
energy-absorption  capability  of  composite  subfloor  beams  is  presented. 


Energy  Absorbing  Subfloor  Beam  Concepts 

The  sandv/ich  beams  evaluated  were  fabricated  using  Nomex  honeycomb  core  co¬ 
cured  to  K/E  woven  fabric  face  sheets  oriented  at  ±45  degrees.  Different 
through-the-thickness  stitching  concepts  were  also  evaluated.  The  energy- 
absorption  capability  test  results  are  shown  in  figure  23.  The  stitching  did 
not  significantly  affect  the  energy-absorption  capability.  However,  the 
stitching  did  improve  crushing  load  uniformity.  .The  sandwich  concepts  crushed 
in  the  characteristic  local  buckling  mode  and  they  exhibited  post-crushing 
integrity.  The  combinations  of  stitching  parameters  (i.e.,  stitch  spacing, 
stitch  pattern,  and  thread  size)  investigated  was  not  exhaustive.  Other 
stitching  parameters  might  improve  energy-absorption  capability.  However,  the 
energy-absorption  capability  of  the  sandwich  beams  was  significantly  lower 
than  other  concepts. 

The  evaluation  of  sine-wave  beams  involved  many  different  materials,  material 
forms,  hybridization,  ply  orientations  and  geometries  (D/t).  The  sine-wave 
concepts  were  tangent  half  tube  (included  angles  of  180  degrees)  designs.  A 
limited  number  of  results  will  be  presented  here.  The  energy-absorption 
trends  of  sine-wave  beams  are  similar  to  those  trends  found  for  circular  cross 
section  tube  specimens.  The  effects  of  beam  geometry  for  K/E  beams  are 
compared  with  tube  data  in  figure  24.  The  agreement  between  beam  and  tube 
results  is  excellent.  Beam  and  tube  results  for  hybrid  materials,  as  shown  in 
figure  25,  were  equally  good.  The  crushing  modes  of  Rr/E  and  K/E  beams  are 
shown  in  figure  26.  These  crushing  modes  are  similar  to  crushing  modes  of 
comparable  tube  specimens.  The  sine-wave  beam  concept  was  the  most  efficient 
energy  absorbing  concept  evaluated.  The  energy-absorption  efficiency  is 
related  to  the  relative  efficiency  between  the  circular  and  flat  sections. 

Both  circular  and  rectangular  tube  stiffened  beams  were  evaluated.  Reams  were 
fabricated  from  Gr/E,  K/E  and  6061-T6  aluminum.  Ply  orientation  of  the  com¬ 
posite  beams  were  r(±45)i^]5  and  beam  thickness  was  comparable  for  composite 
and  aluminum  beams.  Different  geometry  stiffened  beams  were  evaluated  to 
compare  energy-absorption  trends  with  results  from  tube  data.  Figures  27  and 
28  depict  the  test  results  for  these  beam  concepts.  For  beams  of  comparable 
geometry  the  Gr/E  beams  had  higher  energy-absorption  capability  than  Kevlar  or 
aluminum  beams.  Energy-absorption  capability  as  a  function  of  beam  geometry 
for  both  Gr/E  and  K/E  was  consistent  with  that  determined  from  tube  tests. 

That  is,  as  D/t  or  W/t  increased  the  energy-absorption  capability  decreased. 

The  crushing  modes  of  the  beams  were  also  consistent  with  the  modes  of  tube 
specimens  of  the  same  material.  As  seen  in  figure  29  the  K/E  specimens 
crushed  in  a  local  buckling  mode  while  the  Gr/E  specimens  exhibited  a  brittle 
fracturing  mode  along  the  curved  sections  and  a  lamina  bending  mode  in  the 
flat  sections. 
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Method  of  Predicting  Energy  Absorption  Capability 

Tests  established  that  the  crushing  characteristics  and  energy-absorption 
trends  of  beams  and  tube  specimens  are  similar.  These  results  suggest  that 
the  energy-absorption  capability  of  a  beam  can  be  predicted  using  tube  data. 

A  method  was  formulated,  reference  14,  for  predicting  the  energy-absorption 
capability  of  structural  elements.  The  hypothesis  is:  the  crash  energy- 
absorption  capability  of  a  structural  element  is  the  sum  of  the  weighted 
average  of  the  energy-absorption  capability  of  its  characteristic  e  ements. 
Mathematically,  in  terms  of  the  specific  sustained  crushing  stress  (a/p),  this 
can  be  expressed  as 


(a/p) , 


i  =  1  S.E. 


^C.E. 


This  hypothesis  assumes  the  structure  is  properly  designed  to  crush  prior  to 
catastrophic  failure.  Other  requirements  are  that  the  tube  specimens  must 
have  the  same  D/t  or  W/t  ratio  as  the  characteristic  elements  of  the  beam,  the 
same  ply  orientation  and  stacking  sequence,  and  have  the  same  material  form 
(e.g.,  tape,  woven,  filament  wound). 

This  prediction  method  has  been  verified  using  several  Gr/E,K/E  and  hybrid 
sine  wave  and  stiffened  beams.  A  detail  example  of  this  prediction  method  is 
given  for  a  circular  cross  section  tube  stiffened  beam  fabricated  with  K/E. 
Figure  30  shows  the  beam  configuration  and  dimensions.  Web  width  between  tube 
stiffeners  was  3.81  cm  and  web  thickness  was  0.20  cm  resulting  in  a  W/t  ratio 
of  19.  The  cross  sectional  area  of  each  web  was  0.76  cm  .  The  web  extended 
beyond  the  stiffeners  1.27  cm  on  each  side  of  the  beam.  The 
web  beyond  the  stiffeners  was  6  and  cross  sectional  area  was  0.25  cm  .  ine 
composite  layup  in  the  web  region  was  [±45335.  The  stiffener  was  a  circular 
tube  with  an  inside  diameter  of  2.54  cm  and  a  wall  thickness  of  0.09  cm 
resulting  in  a  D/t  ratio  of  28.2.  The  layup  of  the  tube  was  [±4533,  and  the 
cross-sectional  area  was  0.78  cm^.  Using  equation  1  to  compute  the  energy- 
absorption  capability  of  the  beam  with  the  appropriate  circular  and  square 
cross  section  tube  data  resuTts  in 


of  Web  of  Web 
(a/p)^  E  "  Nm/gr. 

The  measured  energy-absorption  capability  of  the  beam  was  28  Nm/gr.  The 
difference  between  the  predicted  and  measured  values  was  approximately 
7  percent. 
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Development  of  efficient  energy  absorbing  concepts  requiring  a  minimum  number 
of  design  support  tests  for  validation  should  now  be  readily  achievable  using 
the  previously  described  prediction  method.  The  application  of  the  prediction 
method  should  result  in  a  reduction  in  design  cost  and  result  in  a  lighter 
structure. 

Composite  material  and  structure  can  be  tailored  for  efficient  energy-absorp¬ 
tion.  However,  additional  work  is  required  to  advance  this  technology  to  the 
existing  level  for  other  composite  structure.  Further  development  of  energy 
absorbing  subfloor  beam  intersections  and  crushing  initiators  is  required. 
Also,  studies  are  needed,  similar  to  those  in  references  15  and  16,  are  needed 
to  incorporate  energy  absorbing  structural  concepts  into  fuselage  sections  to 
reduce  manufacturing  cost  and  reduce  other  development  risks. 


COMPOS I TF  FUSELAGE  FRAME  STRUCTURE 

The  subfloor  structure  previously  discussed  absorbs  the  energy  in  a  crash  but 
does  not  insure  the  structural  integrity  of  the  fuselage.  The  integrity  of 
the  fuselage  must  be  maintained  by  the  frames,  bulkheads,  and  longerons  in  the 
structure.  This  integrity  is  important  because  it  provides  a  protective  shell 
around  the  occupants  preventing  foreign  object  intrusion  and  collapse  of  the 
fuselage.  As  part  of  the  fuselage  structural  integrity  investigation  research 
on  fuselage  frames  was  conducted,  reference  17.  Drop  tests  of  two  aluminum 
and  three  Gr/E  frames  was  conducted  to  investigate  the  impact  acceleration 
levels  and  failure  mechanisms. 

The  frame  specimens  were  Z  cross  section  frames  approximately  two  meters  in 
inside  diameter.  Frame  dimensions  are  shown  in  figure  31.  Each  frame  was 
fabricated  in  quarters  and  assembled  with  bolted  splice  plates.  Ten  pound 
masses  were  attached  to  both  the  left  and  right  sides  of  the  frames.  Frames 
were  instrumented  with  accelerometers  and  strain  gages.  Frames  were  dropped 
from  a  height  of  approximately  four  meters,  producing  an  approximate  impact 
speed  of  8.2  m/sec. 

Upon  impact,  the  aluminum  frames  exhibited  three  sites  of  significant  deforma¬ 
tion.  A  plastic  hinge  formed  to  the  left  of  the  initial  impact  point  which 
was  on  a  splice  plate.  Significant  section  rotation  occurred  in  the  entire 
frame  below  the  attachment  points  of  the  ten  pound  masses.  The  failure 
mechanisms  of  the  aluminum  frames  were  very  similar  to  those  of  actual  fuse¬ 
lage  sections.  The  initial  acceleration  pulses  at  the  impact  point  and  at  the 
floor  frame  intersection  were  on  the  order  of  400  G's  and  20  G's,  respec¬ 
tively.  Durations  of  the  initial  pulses  were  0.0025  sec.  and  0.010  sec.  for 
the  impact  and  the  floor  intersection  points,  respectively. 

Two  of  the  Gr/E  frames  were  tested  in  an  identical  manner  to  the  aluminum 
frames.  Failure  in  the  first  two  specimens  occurred  at  15  degrees  in  a 
counter  clockwise  direction  from  the  impact  point.  The  sequence  of  failure 
events  was  failure  of  the  outside  flange,  failure  across  the  web  and  finally 
failure  of  the  inside  flange.  This  complete  section  fracture  might  have  been 
avoided  by  using  one  of  the  materials  which  exhibit  post-crushing  integrity 
such  as  Kevlar  or  a  Kevlar-graphite  hybrid.  The  third  Gr/E  frame  was  rotated 
45  degrees,  to  impact  halfway  between  the  spice  plates.  The  masses  were 
attached  in  a  similar  fashion  to  the  attachments  on  the  first  two  Gr/E 
frames.  Failure  occurred  at  the  point  of  impact.  Overall  deformations  and 
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shape  of  frame  were  similar  to  the  previous  Gr/E  frames.  Typical  accelerations 
at  the  impact  points  were  approximately  650  G's  and  65  G's  at  the  floor-frame 
intersections.  These  accelerations  are  between  2  and  3  times  those  of  the 
aluminum  frames.  Initial  impact  pulse  durations  were  0.001  sec.  and  0.01  sec. 
at  the  impact  point  and  the  floor-frame  intersection  points. 

A  DYCAST  finite  element  model  was  developed  to  predict  the  dynamic  response 
of  the  frame  structures.  The  calculated  and  measured  strains  aQree  in  the 
general  shape  of  the  distribution;  however,  the  measured  strains  near  the 
splice  plate  are  lower  in  magnitude  than  the  predicted  strains,  as  seen  in 
figure  32.  At  angles  below  -22.5  degrees  and  above  +22.5  degrees,  good  strain 
correlation  were  obtained  between  prediction  and  experiment. 

The  results  of  these  tests  provide  needed  insight  into  the  failure  charac¬ 
teristics  of  fuselage  frames  when  subjected  to  simulated  crash  impacts.  The 
good  correlation  between  analysis  and  experiment  is  encouraging  because  it 
will  allow  the  designer  to  reduce  the  support  tests  required  to  validate  a 
concept. 


CONCLUDING  REMARKS 

The  U.S.  Army-Aerostructures  Directorate/NASA  Langley  Research  Center  joint 
research  program  on  crashwothiness  of  composite  helicopter  structures  has  made 
good  progress  in  understanding  how  composite  materials  and  structures  absorb^ 
energy  and  how  structures  fail  under  simulated  crash  conditions.  Through  this 
research  program  an  understanding  of  the  cause/effect  relationship  of  com¬ 
posite  material  and  specimen  architectural  properties  on  energy-absorption 
capability  has  been  developed.  Efficient  energy  absorbing  structure  can  be 
achieved  with  graphite/epoxy  despite  the  brittle  nature  of  the  material. 
However,  careful  attention  must  be  given  to  design  details.  Graphite/epoxy 
structures  can  be  more  efficient  energy  absorbers  than  either  Kevlar  or  alumi¬ 
num  structures.  Sine-wave  beams  were  the  most  efficient  energy  absorbing  sub¬ 
floor  concepts  evaluated.  An  accurate,  yet  simple,  method  of  predicting  the 
energy-absorption  capability  of  beams  was  developed. 

Additional  developments  related  to  beam  intersections,  crushing  initiators  and 
fuselage  integration  are  still  needed.  Further  enhancements  of  analysis  tech¬ 
niques  to  predict  material  and  global  structural  response  are  also  necessary. 
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TABLE  1.  COMPOSITE  MATERIALS  DSED  TO  INVESTIGATE  EFFECTS  OF  FAILURE 
STRAIN  ON  ENERGY-ABSORPTION  CAPABILITIES. 
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Fracturing  Lamina  bending 


EFFECT  OF  FIBER  FAILURE  STRAIN  ON  THE  ENERGY 
ABSORPTION  OF  GRAPHITE  REINFORCED 
COMPOSITE  MATERIALS 


Figure 


EFFECT  OF  MATRIX  FAILURE  STRAIN  ON  THE  ENERGY 
ABSORPTION  OF  GRAPHITE  REINFORCED 
COMPOSITE  MATERIALS 
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Figure 


FIBER  STIFFNESS  ON  ENERGY  ABSORPTION  OF  [±0] 
GRAPHITE/EPOXY  COMPOSITE  MATERIAL 
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EFFECT  OF  FIBER  AND  MATRIX  FAILURE  STRAIN 

ON  ENERGY  ABSORPTION 


c 


TT. 


m  m  L_ 

oo  [T 

CVJ  r— «  ^ 

iTk  U-  31 

^  vO  ^ 
!  I  ! 

CO  CO  tx) 
<  <  < 


□ 


^1% 


LTV 

<NJ 


O 

O 


LOk 


o 

LfN 


LPk 

CNJ 


o 


"O  CD 

O  CL)  f” 

.ir.  J±:  t- 

.'t=  .E  *F  to 

U  TO  -E  p 
<r)  -w  lli  i— 


CD 


629 


[0/  ±15] 4  [0/  ±45]4 [0/  ±7^4  [±1^  ^  M  ^  &:75]^ 


EFFECTS  OF  FIBER  STIFFNESS  ON  ENERGY  ABSORPTION  OF  [O/±0] 

GRAPHITE/EPOXY  COMPOSITE  MATERIAL 
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THE  EFFECT  OF  STACKING  SEQUENCE  ON 
ENERGY  ABSORPTION 
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EFFECT  OF  STACKING  SEQUENCE  ON  THE  ENERGY  ABSORPTION 

OF  [±45]  COMPOSITE  TUBE 
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Figure  10 


ENERGY  ABSORPTION  Of[±45  ] 

GRAPHITE-KEVLAR/EPOXY  COMPOSITES 
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Number  of  0  plies  (N) 


CRUSHED  GRAPHITE-KEVLAR/EPOXY  UNIDIRECTIONAL 

HYBRID  TUBE  SPECIMENS 


EFFECTS  OF  FIBER  VOLUME  FRACTION  ON  THE  ENERGY  ABSORPTION 

CAPABILITY  OF  T300/934  COMPOSITE  MATERIAL 
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Fiber  volume  fraction  (percent) 


EFFECT  OF  FIBER  VOLUME  FRACTION  ON  THE  ENERGY  ABSORPTION 

CAPABILITY  OF  KEVLAR-49/934  COMPOSITE  MATERIAL 
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Fiber  volume  fraction  (percent) 


ENERGY  ABSORPTION  OF  GRAPHITE-KEVLAR/EPOXY  HYBRID  COMPOSITES 
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Figure  15 


EFFECTS  OF  D/t  RATIO  ON  THE  ENERGY  ABSORPTION 

OF  [±45].,  Gr/E  TUBES 
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Figure  16 


EFFECTS  OF  D/t  RATIO  ON  THE  ENERGY  ABSORPTION 

OF  [±45]..  K/E  TUBES 
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Figure  17 


ENERGY  ABSORPTION  CAPABILITY 
OF  SQUARE  GRAPHITE/EPOXY  TUBES 
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ENERGY  ABSORPTION  CAPABILITY 
OF  SQUARE  KELVAR/EPOXY  TUBES 
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EFFECTS  OF  CRUSHING  SPEED  ON  Gr/E  TUBES 
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EFFECTS  OF  CRUSHING  SPEED  ON  K/E  TUBES 
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ENERGY  ABSORBING  BEAM  CONCEPTS 
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ENERGY  ABSORPTION  OF  [±45g/HCjg  KEVLAR/EPOXY 

SANDWICH  BEAM  SPECIMENS 
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Kevlar  stitching  orientation 


EFFECTS  OF  D/t  RATIO  ON  THE  ENERGY  ABSORPTION  OF 
[±45]  K/E  TUBES  AND  SINE-WAVE  BEAMS 
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Figure  24 


ENERGY  ABSORPTION  CAPABILITY  OF  HYBRID  COMPOSITE 

SINE-WAVE  BEAMS  AND  TUBES 
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ENERGY  ABSORPTION  OF  CIRCULAR  TUBE  STIFFENED  BEAMS 
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Figure  27 


ENERGY  ABSORPTION  OF  RECTANGULAR  TUBE  STIFFENED  BEAMS 
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Figure  28 


illpiilw 


Figure  29 


FOUR  STIFFENER  CIRCULAR  CROSS  SECTION  TUBE  STIFFENED  BEAM 
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ABSTRACT 


The  AdvancecJ  Composite  Airframe  Proj^ram  (ACAP)  was  undertaken  by  the 
Aviation  Applied  Technology  Directorate,  US  Array  Aviation  Research  and 
Technology  Activity  (AVSCOM)  to  de^monstrate  the  advantages  of  the  application 
of  advanced  composite  materials  and  structural  design  concepts  to  the  aiifiame 
structure  on  helicopters  designed  to  stringent  military  requirements.  The 
primary  goals  of  the  program  were  the  reduction  of  airframe  production  cost 
and  airframe  weight  by  17%  and  22%  respectively. 

The  ACAP  effort  consisted  of  a  preliminary  design  phase,  detail  design 
and  design  siipport  testing,  full-scale  fabrication,  laboratory  testing,  and  a 
ground/flight  test  demonstration.  Since  the  completion  of  the  flight  test 
demonstration  programs  follow-on  efforts  have  been  initiated  to  more  fully 
evaluate  a  variety  of  military  characteristics  of  the  composite  airframe 
structures  developed  under  the  original  ACAP  advanced  development  contracts. 

This  paper  provides  an  overview  of  the  ACAP  program  and  describes  some 
of  the  design  features,  design  support  testing,  manufacturing  approaches,  and 
the  results  of  the  flight  test  evaluation,  as  well  as,  an  overview  of 
Militarization  Test  and  F.valuatlon  efforts. 
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INTRODUCTION 


The  ACAP  be£»:an  in  1979  when  the  US  Army  awarded  contracts  to  the  five 
major  US  helicopter  manufacturers  to  conduct  a  preliminary  design  of  an  ail 
composite  helicopter  airframe  for  a  utility  class  helicopter  with  a  gross 
weight  under  10,000  lbs.  The  heiico^^ter  was  to  be  designed  for  a  2.3  hour 
mission  endurance  and  a  2000  ft  -  95  F  hover  capability.  Dynamic  systems  and 
subsystem  components  were  to  be  existing  qualified  military  or  commercial 
components.  The  results  of  these  five  preliminary  design  studies  indicated 
that  the  22^o  reduction  in  weight  and  reduction  in  production  cost  could  be 
met  or  exceeded  while  at  the  same  time  improving  military  characteristics  such 
as  crashworthiness,  reliability,  maintainability,  and  survivability. 

At  the  completion  of  the  preliminary  design  studies  the  Army  proceeded 
with  a  twO”phased  effort  to  conduct  detail  design  and  design  support  testing 
and  to  fabricate,  laboratory  test  and  flight  test  the  ACAP  helicopter.  In 
March  1981  the  Army  selected  both  Bell  Helicopter  Textron  and  Sikorsky 
Aircraft  to  proceed  with  the  detailed  design  of  their  respective  ACAP 
helicopters. 


ACAP  HELICOPTER  DESCRIPTION 


The  Bell  ACAP  Helicopter  designated,  the  Model  D292,  is  shown  in  Fig.  1. 
The  gross  weight  of  the  1)292  is  7525  lbs.  The  dynamic  systems  including  the 
engines,  rotors,  transmissions  and  flight  controls  are  taken  from  the  Bell 
Model  222  commercial  helicopter.  The  Sikorsky  S-75  ACAP  helicopter  shown  in 
Fig.  2.  has  a  gross  weight  of  8470  lbs.  and  utilizes  the  dynamic  systems  and 
subsystems  of  the  Sikorsky  8-76  commercial  helicopter. 


AIRFRAME  DESIGN 


The  design  of  the  ACAP  airframes  was  driven  to  a  large  extent  by 
requirements  other  than  flight  loads.  The  primary  design  drivers  were  the 
crashworthiness  requirements  of  MIL-STD  .1290 .  As  shown  in  Fig.  3  significant 
portions  of  the  airframe  cockpit,  cabin  and  transition  section  were  designed 
by  crash  conditions.  The  tail  sections  of  the  airframes  wore  designed 
primarily  by  flight  loads  in  a  ballistically  damaged  condition  while  the 
doors,  fairings,  and  portions  of  the  empennage  were  designed  by  airloadsS. 

During  the  design  phase  numerous  trade-offs  were  made  to  select  the  most 
effective  materials  and  structural  configurations  for  the  various  a.irfraine 
components  and  assemblies  in  order  to  provide  designs  that  were  structurally 
and  environmentally  sound  and  at  the  same  time  light  weight,  low  cost  and 
producible.  As  the  airframe  designs  evolved  a  variety  of  materials  and  design 
configurations  were  used  to  meet  the  program  goals  of  reduced  airframe 
production  cost  and  weight  and  to  enhance  the  military  characteristics  over 
those  of  existing  military  helicopters.  The  airframe  structural  dOsSigns  make 
use  of  a  variety  of  composite  materials  including  graphite,  Kevlar, 
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fiberglass,  epoxy,  and  polyimides  and  structural  configurations  including 
skin/Stringer;  integrally  stiffened  panels:  solid  laminates;  and  sandwich 
beams,  frames,  and  longerons.  A  breakout  of  the  major  structural  components  is 
shown  in  Fig.  4,  Graphite  is  utilized  in  areas  where  high  strength  and 
stiffness  are  required,  such  as  lon.gerons,  frames  and  beams:  Kevlar  is  used 
predominantly  for  both  primary  and  secondary  skin  panels;  and  fiberglass  is 
utilized  on  surfaces  subjected  to  high  wear  such  as  floors.  In  some  airframe 
applications,  however,  composites  were  not  considered  practical.  These  areas 
included  transparancles ,  some  attachment  hardware.  door  latches,  and 
fasteners.  Fig.  o  shows  the  utilization  of  materials  in  the  composite 
airframes  of  each  maaiif acturer . 

Cost  effective  producib.le  design  required  that  particuiar  attention  be 
given  to  the  airframe  breaks  and  sizing  of  the  major  components  and 
subassemblies.  The  preliminary  design  studies  had  shown  that,  in  general,  to 
meet  the  program  cost  savings  goals,  it  was  essential  to  minimize  the  total 
number  of  parts  and  fasteners.  However,  experience  has  shown  other  factors 
such  as  tool  size,  complexity,  accessability  and  turn  around  time  must  be 
considered,  as  well. 

The  basic  approach  to  the  design  by  each  manufacturer  was  significantly 
different  and  resulted  from  many  factors  including  each  contractor's 
background  and  experience  with  other  composite  designs.  The  Bell  AC.4P  airframe 
assembly  approach  utilizes  two  large  half  shell  fuselage  sections  which  are 
bonded  together  to  form  the  basic  airframe  shell  from  the  nose  to  bulkhead 
where  the  tail  boom  is  attached.  Sikorsky  Aircraft,  on  the  other  hand,  elected 
to  use  a  number  of  modules  or  subassemblies,  which  are  mechanically  fastened 
to  form  the  basic  airframe  shell.  In  each  case  the  manufacturer  reduced  the 
number  of  parts  and  fasteners  substantially  in  comparison  with  their 
respective  metallic  baseline  airframe. 

The  ACAP  detail  design  represents  Che  first  US  military  hel.icoptoi 
structural  design  to  be  developed  using  Computer  Aided  Design.  The  aircraft 
lines  were  developed  from  CAD  terminals  as  were  a  major  portion  of  the 
airframe  detail  design  drawings.  The  CAD  system  provided  a  common  data  base 
for  the  aircraft  lines,  detail  design,  and  structural  analysis.  Not  only  did 
ihe  CAD  system  provide  the  designer  with  a  rapid  visualization  of  his  design, 
it  also  provided  rapid  turn  around  time  thus  allowing  greater  flexibility  to 
optimize  the  part . 

The  use  of  CAD  did  not  stop  with  the  designer  and  analyst,  however.  The 
design  data  base  was  used  by  the  manufacturing  engineers  as  well  to  develop 
tool""  designs ,  flat  pattern  layouts,  and  tapes  for  numerically  controlled 
machines  such  as  the  Gerber  cutter,  tape  laying  machines,  and  filament 
winders.  From  the  tool  designers  viewpoint,  a  major  benefit  of  the  common  data 
base  and  the  CADAM  system  was  the  ability  to  incorporate  shrink  factors  in  the 
tool  des.ign  to  compensate  for  differential  thermal  expansion  during  the  cure 
cycle. 
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DESIGN  SUPPORT  TESTING 


Prior  to  committing  to  full-scale  airframe  manufacturing  each  contractor 
conducted  a  significant  design  support  test  program  to  verify  the  structural 
integrity  of  the  critical  components  of  the  airframe.  The  objectives  of  these 
tests  were  to  demonstrate  that  the  structural  concepts  vvere  properly  designed 
and  to  compare  the  results  to  the  design  critt^ria.  These  tests  ranged  from 
coupon  and  panel  tests  to  substantiate  design  allowables  for  specific 
materials  and  laminate  conf Igurations  to  static  and  fatigue  tests  of  major 
joints,  attachments  and  full-scale  components  to  ver’fc  etructural  integrity. 
A  one-flfth  scale  model  wind  tunnel  test  was  conducted  to  assess  the  drag  and 
stability  characteristics  of  the  ACAP  helicopter  configurations.  Additionally, 
testing  was  conducted  to  assess  the  crashworthiness,  damage  tolerance  and 
lightning  strike  protection  of  the  airframe  design. 


TOOLING  CONCEPTS 


The  tooling  philosophy  for  the  ACAP  placed  emphasis  on  controlling 
dimensional  accuracy,  stability,  and  repeatability  of  the  composite  components 
being  fabricated.  The  resulting  primary  tooling  concept  used  by  each  of  the 
contractors,  however,  is  quite  different.  Bell  Helicopter  elected  to  fabricate 
the  basic  ACAP  fuselage  shell  in  two  halves,  thereby  minimizing  the  number  of 
major  assemblies.  To  minimize  the  differential  thermal  expansion  between  the 
part  and  the  tool  during  autoclave  curing  Bell  elected  to  use  graphite 
tooling.  Figure  6  shows  the  left-hand  fuselage  shell  mold  with  the  initial 
ply  layups  in  place.  The  completed  fuselage  half-shell  is  shown  in  Fig.  7. 

Sikorsky,  on  the  other  hand  elected  to  use  metal  tooling  for  their  large 
skin  molds.  They  accounted  for  the  differential  thermal  expansion  in  the 
design  of  the  tool  -  a  task  that  was  greatly  simplified  by  the  use  of  CADAM. 
The  large  skin  mold  tools  were  made  by  forming  a  thin  steel  shell  to  the 
aircraft  contour  followed  by  welding  studs  on  the  shell  mold  for  attachment  to 
the  mold  base  through  the  contoured  headers.  The  headers  were  cut  on  a 
numerical  controJ  machine  utilizing  aircraft  lines  data  from  the  CADAM  data 
base.  Figure  8  shows  the  completed  mold  with  the  formed  steel  shell  in  place. 
The  posts  at  the  corners  of  the  mold  base  are  used  to  stack  tools  for  multiple 
autoclave  curing. 

Other  components  with  critical  dimensions  such  as  ribs,  frames, 
bulkheads,  and  beams,  are  fabricated  on  steel  tooling  like  that  shown  in  Fig 
9.  E] ectroplated  nickel  and  fiber  reinforced  composite  tools  were  also  used 
for  some  components  where  dimensional  control  was  les.s  critical. 
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MANUFACTURING  METHODS 


Each  contractor  deivelopod  a  manufacturing  plan  couKidering  both  existing 
and  developmental  manufacturing  methods  and  technologies  which  could  Impact 
favorably  on  the  manufacturing  cost  of  the  composite  airframe.  Autoclave 
curing  was  used  for  fabrication  of  the  large  skin  sections.  Filament  winding 
was  used  to  fabricate  the  Bell  truss  tailcone  and  the  Sikorsky  tailcone  and 
vertical  pylon  spar.  The  graphite  windshield  post  on  the  Sikorsky  ACAP  was 
fabricated  using  the  pultrusion  process.  Computer  generated  pattern  books 
(Fig.  10)  were  used  to  aid  shop  layup.  Computer  controlled  rapid  ply  pattern 
cutting  (Fig.  11)  was  used  to  prepare  composite  laminae  for  layup  kits. 


Water  jet  t r  mm i  n 


rure  12)  ot  precured  parts  was  a’  ;o  utilised. 


Various  computer  aided  and  robotic  manufacturing  methods  which  weire 
under  investigation  at  the  time  were  identified  as  potentially  promising 
methods  foi-  factories-of  the- future.  However,  where  the  technology  had  not 
matured  to  the  point  it  could  be  demonstrated  under  the  ACAP  contract  it  was 
not  included  in  the  manufacturing  cost  analysis.  Each  contractor  was  required 
to  conduct  a  production  cost  analysis  to  compare  the  direct  labor  and  material 
cost  of  the  advanced  composite  airframe  to  the  equivalent  metallic  baseline 
airframe.  This  cost  comparison  was  based  on  FY  80  dollars  and  a  production  run 
of  1000  aircraft  at  a  rate  of  14  aircraft  per  month.  Figure  13  shows  a 
comparison  between  the  ACAP  airframe  production  costs  and  the  metallic 
baseline  in  terms  of  materials  and  labor.  It  can  be  seen  that  the  cost  savings 
achieved  is  due  to  the  labor  cost  reduction.  Tl\e  material  costs  for  the 
airframe  are  significantly  higher  than  for  the  metallic  airframe  despite  the 
reduction  in  the  weight  of  the  airframe.  Hopefully,  future  volume  production 
of  composite  raw  materials  will  result  in  ]ow(;r  prices  and  thus  increase  the 
cost  savings  on  future  aircraft  systems. 


Each  contractor  fabricated  three  airframes.  The  first  airframe  was  used 
for  proofing  the  tooling  concept.  The  Tool  Proof  Airframes  (TPA)  shown  in 
Figs.  14  and  15  were  bal 1 isti cally  tested  at  the  AATD  Ballistics  Test  Range  at 
Ft.  Eustis,  VA.  The  second  airframe  fabricated  was  designated  the  Static  Test 
Article  (STA).  The  STA  was  used  both  for  static  testing  and  shake  testing.  The 
third  airframe  fabricated  was  assembled  with  all  the  dynamic  systems, 
subsystems  and  landing  gear  to  produce  a  complete  flightworthy  Flight  Test 
Vehicle  (FTV). 


During  the  fabrication  effort  the  contractors  were  required  to  track  the 
weight  of  the  composite  airframe  and  to  compare  the  weight  to  that  predicted 
both  for  the  baseline  metal  and  composite  airframes.  Figure  IG  compares  the 
weight  of  a  composite  airframe  to  a  metal  baseline  from  the  preliminary  design 
to  the  completion  of  the  fabrication  of  tlie  three  airframes. 
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STATIC  TEST  PROGRAM 


Static  testinK  was  conducted  on  the  STA's  to  vf;rify  the  structural 
integrity  of  the  ACAP  airframes  for  the  applied  design  loads.  The  contractors 
selected  the  design  loading  conditions  based  on  their  NASTRAN  model  results. 
In  the  case  of  Sikorsky  several  critical  load  conditions  were  tested  to  Insure 
that  the  most  critical  loading  conditions  were  introduced  to  each  section  of 
the  airframe.  The  flight  and  landing  load  conditions  tested  are  shown  in  Table 
1.  Bell  Helicopter  also  choose  critical  flight  conditions  which  would 
introduce  critical  loading  in  each  section  of  the  airframe.  Table  2. 
summarizes  the  flight  and  landing  loading  conditions  applied  in  the  Bell 
static  test  program. 

AMCP  706-203  states  that  thermal  environmental  effects  shall  be 
accounted  for  in  static  testing  by:  (1)  application  of  the  operational 
environment,  or  (2)  by  accelerating  the  applied  loads  to  account  for  the 
environmental  degradation.  This  requirement  was  extended  in  the  ACAP  static 
test  program  to  include  the  effect  of  moisture  on  composites  as  well  as 
temperature.  This  requirement  presented  a  dilemma  for  the  contractors  because 
conditioning  of  the  entire  airframe,  particularly,  moisture  conditioning  was 
considered  impractical.  On  the  other  hand,  full  load  acceleration  to  account 
for  environment  could  impact  too  severely  on  environmentally  insensitive 
components.  The  approach  taken,  therefore,  was  to  test  at  elevated  temperature 
with  loads  accelerated  to  account  for  moisture  degradation.  Figures  17  and  18 
show  the  Sikorsky  and  Bell  airframes  in  static  test,  respectively. 


FLIGHT  TEST  PROGRAM 


The  structural  substantiation  process  was  continued  throughout  the 
flight  test  program  to  verify  that  the  applied  design  loads  were  not  exceeded 
during  flight.  The  flight  test  vehicles  were  intrumented  with  strain  gages  to 
monitor  flight  loads  during  the  test  program.  Safety  of  flight  monitoring  of 
the  strain  levels  was  a  major  concern.  Since  using  design  allowables  as  flight 
allowables  would  only  guard  against  "failure  under  the  gage",  the  flight 
strain  allowables  were  based  on  the  full  scale  static  test  results.  In  this 
manner  the  strain  gages  are  monitored  as  "load  cells"  to  assure  that  the  loads 
substantiated  in  static  testing  were  not  exceeded  in  flight.  The  "Do  Not 
Exceed"  (DNE)  flight  strains  were  based  on  measured  static  strains  reduced  to 
appropriate  safe  flight  levels  by: 

€  DNE  €  STATIC  X  2/3  x  1/LAF  x  K 


Where: 

€  STATIC  ==  Peak  Static  Test  Strain 
2/3  =  Ultimate  to  Limit  Safety  Factor 
LAF  -  Load  Acceleration  Factor- 

leg.  Temperature/humidity  effects) 

K  -  Other  Appropriate  Factors 

For  those  areas  of  the  structure  that  were  statically  tested  at  elevated 
temperature  the  LAF  was  based  on  the  ratio  of  room  temperature  dry  to  room 
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temperature  wet  design  allowables.  When  the  critical  area  was  not  tested  at 
elevated  temperature  then  the  LAF  was  based  on  the  ratio  of  room  temperature 
dry  to  elevated  temperature  wet  design  allowables.  Early  in  the  flight  test 
program  a  K  factor  of  0.8  was  used  as  added  conservatism. 

The  Sikorsky  S-75  ACAP  made  its  first  flight  (Fig.  19)  in  July  1984  at 
the  Sikorsky  Aircraft  Flight  Test  Facility  in  West  Palm  Beach,  Florida.  The 
FTV  completed  a  43  hour  flight  test  program  which  included  a  5  hour  Government 
Pilot.  Ev^aluatlon  in  March  of  1985.  The  S-75  flight  envelope  established,  which 
was  limited  by  the  dynamics  system  installed,  is  shown  in  Table  3. 

In  September  1985  the  Bell  D-292  made  its  first  Flight  (Fig.  20)  at  the 
Bell  Flight  Test  Center  in  Ft.  Worth,  Texas.  The  Bell  FTV  completed  25  hours 
in  July  198B.  The  D-292  flight  envelope  established  is  shown  in  Table  5. 


ACAP  MILITARIZATION  TEST  AND  EVALUATION 


Although  the  basic  ACAP  program  Included  an  evaluation  of  some  of  the 
military  characteristics  of  the  airframes  developed  there  were  some  areas  that 
either  were  not  evaluated  completely  or  were  not  examined  at  all.  In  September 
of  1985  contracts  were  awarded  to  both  Bell  and  Sikorsky  to  conduct  additional 
test  and  evaluation  of  tlie  ACAP  airframes.  These  efforts  included  the 
following  areas  of  interest:  (1)  landing  gear/airframe  crashworthiness,  (2) 
repairabi lity  and  Inspectability,  (3)  lightning  strike  protection,  and  (4) 
Internal  acoustic  noise. 

The  landing  gear  for  the  ACAP  helicopters  were  designed  in  concert  with 
the  airframe  design  because  the  ability  of  the  helicopter  to  meet  the 
requirements  established  for  crashwort)ilness  is  dependent  on  the  ability  of 
the  total  system  to  absorb  crash  energy.  The  airframe,  landing  gear  and  seats 
all  play  a  role  in  the  safety  of  the  crew  and  troops  in  a  crash.  Drop  testing 
of  the  main  and  auxiliary  landing  gear  at  sink  speeds  up  to  20  fps  was 
Included  in  the  original  contract.  The  original  contract  also  included  a  full- 
scale  drop  test  of  the  complete  airframe,  landing  gear  and  seat  system.  In 
order  to  preserve  the  assets  for  other  testing  it  was  decided  to  delete  the 
full  scale  drop  testing  from  the  original  contract.  Therefore,  the  testing 
was  picked  up  in  the  follow-on  ACAP  Militarization  Test  and  Evaluation  (MTE) 
Programs.  In  addition,  to  insure  that  both  the  main  and  auxiliary  landing  gear 
would  function  as  designed,  drop  testing  at  sink  speeds  up  to  42  fps  was 
included  in  the  MTE  programs.  Drop  testing  of  the  landing  gear  at  sink  speeds 
up  to  42  fps  is  in  progress  now  and  the  full-scale  aircraft  drop  tests  are 
sclieduled  for  mid- 1987. 

.Analyses  of  the  reliability  and  maintainability  characteristics  of  the 
ACAP  airframes  were  conducted  during  the  basic  ACAP  program.  In  addition, 
limited  repair  demonstrations  were  made.  In  the  MTE  program  each  contractor  is 
further  developing  field  repair  techniques  and  procedures  compatible  with  the 
personnel  skills,  materials  and  equipment  expected  to  be  available  for  field 
(AVIM  level)  repairs.  These  repair  techniques  and  procedures  to  be 
demonstrated  on  the  tool -proof  and  static  test  airframes  will  be  completed 
early  in  1987. 
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Lightning  strike  test  of  composite  panels  were  conducted  as  a  part  of 
the  ACAP  design  support  test  program  to  provide  comparative  test  data  to  aid 
in  the  selection  of  a  means  for  protecting  the  Kevlar  skin  from  lightning 
strikes.  Although  the  panel  test  results  were  favorable  it  was  desirable  to 
evaluate  the  performance  of  the  lightning  strike  protection  system  on  a  full 
scale  airframe.  The  testing  included  both  direct  and  indirect  lightning 
strikes.  Testing  of  the  Sikorsky  ACAP  was  successfully  c'.onducted  at  th€» 
McDonnell  Douglas  Facilities  in  St.  Louis,  MO.  The  Bell  ACAP  lightning  strike 
testing  was  conducted  by  Boeing  Aircraft  in  Seattle,  WA.  This  testing  was 
conducted  in  cooperation  with  the  Air  Force's  Atmospheric  Electrical  Hazards 
Protection  (AEHP)  program.  In  addition  to  the  evaluation  of  the  effects  of 
lightning  strike  on  the  airframe  structure,  a  variety  of  electrical  and 
avionics  components  were  installed  onboard  the  Bell  ACAP  to  enable  the 
evaluation  of  electromagnetic  compatibility  and  interference  characteristics. 
Shown  in  Fig.  21  is  the  Bell  tool- proof  airframe  being  subjected  to  a  direct 
lightning  strike. 

The  transmission  of  internal  acoustic  noise  in  an  all  composite  airframe 
has  been  a  concern  from  the  standpoint  of  increased  sound  pressure  levels  in 
both  the  cockpit  and  crew  compartments.  During  the  initial  flight  test 
evaluation  of  the  Sikorsky  S-75  ACAP  and  Bell  D292  ACAP  the  pilots' 
qualitative  reports  were  that  the  noise  and  vibration  levels  were  about  the 
same  as  in  the  parent  S-76  and  Model  222  helicopters.  The  ACAP  MTE  program 
included  a  5-hour  flight  test  evaluation  to  measure  sound  pressure  levels  and 
accelerations  in  an  effort  to  quantitatively  assess  the  internal  acoustic 
noise.  In  addition,  noise  predictions  were  made  using  a  computer  code 
originally  developed  by  Cambridge  Collaborative  for  a  Sikorsky  S-76  helicopter 
under  a  NASA  Langley  Research  Center  contract.  The  acoustic  flight  testing  of 
the  Sikorsky  S-75  ACAP  was  conducted  in  April  1986.  Figure  22  shows  a  typical 
comparison  of  the  acoustic  noise  data  measured  on  the  S-75  ACAP  with  data 
measured  on  the  metal  S-76.  The  Bell  D292  ACAP  is  scheduled  for  acoustic 
flight  testing  in  early  1987. 

Finally,  under  separate  contract  competitively  awarded  to  Bell 
Helicopter  in  September  1986,  a  full  suite  of  communications  and  navigation 
equipment  commensurate  with  the  Army's  UH-60  BLACK  HAWK  helicopter  is  being 
installed  on  the  Bell  FTV.  The  Bell  ACAP  FTV  will  be  used  as  a  flying  test  bed 
to  evaluate  the  electromagnetic  compatibility  and  interference  characteristics 
and  operational  performance  levels  of  a  full-up  avionics  suite  on-board  an  all 
composite  airframe. 
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CONCLUSIONS 


The  Advanced  Composite  Airframe  Program  has  successfully  demonstrated 
the  feasibility  of  applying  advanced  composite  materials  to  the  airframe  of 
military  helicopters.  The  ACAP  has  greatly  reduced  the  risk  of  introducing 
composites  into  next  generation  helicopter  full-scale  engineering  development 
programs.  The  primary  goals  for  weight  and  cost  reductions  have  been  achieved 
and  both  a  cost  and  weight  data  base  have  been  established.  The  benefits  of 
composites  technoiogy  for  onhancod  military  characteristics  have  or  are  being 
demonstrated  through  test  and  evaluation  of  the  ACAP  airframes. 
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DYNAMIC  SYSTEMS:  MODEL  222 
GROSS  WEIGHT:  7525  LBS 


Figure  1,  Bell  D292  ACAP  Helicopter 


DYNAMIC  SYSTEMS:  S-76 
GROSS  WEIGHT:  8470  LBS 


Figure  2,  Sikorsky  S-75  ACAP  HelicDpteM' 
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Figure  8.  Sikorsky  Steel  Shell  Mold  Tool 
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Figure  11.  Computer  Controlled  Rapid  Ply  Cutting 


Figure  12.  Water  .Jet  Trimming 


COMPOSITE  AIRFRAME 
Total  Cost  $1S5,45S 


METAL  AIRFRAME 
Total  Cost  $240,041 


Materials 


Materials 


Labor 


Figure  13.  Comparison  of  Composite  and  Metal  Airframe  Cost 


Bell  ACAP  Tool  Proof  Article 


Figure  16.  ACAP  Airframe  Weight  Trends 


Figure  19.  Sikorsky  Flight  Test  Vehicle 


Figure  20.  Bell  Flight  Test  Vehicle 
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—  S-76  ACAP 


I 


FREQUENCY 


Figure  22. 


Comparison  of  ACAP  and  S-76  Internal  Noise  Levels 
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Table  1.  Bell  Static  Test  Conditions 


Cond,  No. 
1 
2 

3 

4 

5 

6 

7 

8 


Description 
Symmetrica]  Full  Out 
15°  Vaw  Left  Return 
15°  Yaw  Right  Return 
Vertical  Jump  Take-Off 
20  fps,  2  Point  Landing 
Vertical  Fin,  15°  Yaw  Trim 
Horizontal  Stabilizer,  15°  Yaw  Trim 
Horizontal  Stabilizer,  Sym.  Pull  Out 


Table  2.  Sikorsky  Static  Test  Conditions 


Cond.  No. 
1 
2 

3 

4 

5 

6 

7 

8 
9 


Description 

Horizontal  Stabilizer,  Asymmetrical  Airloads 

Horizontal  Stabilizer,  Symmetrical  Airloads 

Empennage,  Rolling  Pull  Out 

Empennage,  Right  Yaw  Kick 

Mid  Cabin,  Rolling  Pull  Out 

Mid  Cabin,  Symmetrical  Full  Out 

Forward  Fuselage,  20  fps 

Rear  Fuselage,  20  fps 

Windshield/Crew  Door,  Dive,  Airloads 
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Table  3.  Bell  D292  Flight  Test  Envelope 


Flight  Condition 
Forward  Flight 
Rearward  Flight 
Sideward  Flight 
Bank  Angle 
Load  Factor 


Level  Demonstrated 
120  Kts 
35  Kts 
15  Kts 
60^ 

0.5  to  2.0  g 


Table  4.  Sikorsky  S- 75  Flight  Test  Envelope 


Flight  Condition 
Forward  Flight 
Rearward  Flight 
Sideward  Flight 
Bank  Angle 
Load  Factor 


Level  Demonstrated 
141  Kts 
35  Kts 
35  Kts 
60^ 

-0.2  to  2.75  g 
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PROPULSION  AND  DRIVE  SYSTEMS 


Session  Cochairmen: 

Calvin  L.  Ball,  NASA 

Gilbert  J.  Weden,  Department  of  the  Army 


PROPULSION  AND  DRIVE  SYSTEMS  SESSION 


SUMMARY 


Session  papers  addressed  a  wide  spectruin  of  advanced  technologies 
applicable  to  rotorcraft.  The  first  two  papers  highlighted  powerplant 
research  aimed  at  evolving  highly  advanced,  efficient  engine  systems  with 
potential  fuel  burned  reductions  of  up  to  40  percent.  The  first  paper 
highlighted  Compound  Cycle  Engine  (CCE)  research  directed  toward  a  helicopter 
application.  The  CCE  is  a  highly  turbo-charged,  power-compounded  power  plant 
combining  the  lightweight  pressure  rise  capability  of  a  gas  turbine  with  the 
high  efficiency  of  a  diesel.  Results  of  recent  activities  to  establish  a 
technology  base  for  development  of  diesel  engine  life  (friction,  wear  and 
lubrication)  were  reviewed. 

The  second  paper  addressed  advanced  small  gas  turbine  engines.  The 
results  of  recently  completed  comprehensive  studies  conducted  by  government 
and  industry  to  identify  and  quantify  high-payoff  technology  benefits  for 
rotorcraft  were  summarized.  Significant  advances  were  projected  in  the  areas 
of  materials,  components  and  cycles.  Advanced  non-concentric  high  pressure 
and  temperature  simple  cycles  and  lower  pressure,  high  temperature,  heat 
recovery  cycles  were  applied  to  both  conventional  and  tiltrotor  type 
rotorcraft.  Recent  accomplishments  in  component  and  materials  research,  aimed 
at  evolving  the  technology  base  for  these  advanced  engines  were  highlighted. 

The  third  paper  described  a  significant  recent  accomplishment 
applicable  to  a  wide  range  of  advanced  rotorcraft.  This  accomplishment 
embodies  the  demonstration  of  a  dual  mode  convert! be  engine  system  which 
transitions  from  shaft  power  for  the  VTOL  mode  to  the  turbofan  mode  for  high 
speed  forward  flight.  This  was  the  first  demonstration  of  such  an  engine,  and 
is  applicable  to  x-wing,  folding  tilt-rotor  and  other  high  speed  rotorcraft 
concepts. 
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The  fourth  paper  discussed  results  of  transmission  research  for 
rotorcraft.  Advanced  transmission  concepts  (bearingless  planetary  and  split 
torque)  were  discussed  and  technology  needs  identified  for  light-weight,  quiet 
and  reliable  drive  systems.  Plans  for  future  research  in  noise  reduction, 
code  development  and  advanced  drive  systems  concepts  were  addressed. 

The  last  paper  presented  the  rotorcraft  icing  research  program.  The 
objective  was  to  develop  technology  for  all-weather  rotorcraft  designs. 
Research  programs  and  recent  accomplishments  involving  ice  protection,  and 
icing  simulation  for  rotorcraft  were  summarized.  Results  of  flight  testing  a 
pneumatic  boot  were  reviewed  to  include  handling  qualities,  hover  icing, 
forward  flight  icing,  and  rain  and  sand  erosion.  Progress  on  electromagnetic 
magnetic  impulse  (EIDI)  systems,  which  have  potential  for  low  weight,  low 
power  consumption,  high  reliability  and  efficient  deicing,  was  highlighted. 
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TECHNOLOGY  DEVELOPMENTS  FOR  A  COMPOUND  CYCLE  ENGINE 


G.A.  Bobula 

Propulsion  Directorate 

U.S.  Army  Aviation  Research  and  Technology  Activity  -  AVSCOM 

Lewis  Research  Center 
Cleveland,  Ohio  44135 
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Cleveland,  Ohio  44135 

and 

J.G.  Castor 
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SUMMARY 

The  Compound  Cycle  Engine  (CCE)  is  a  highly  turbocharged,  power  compounded 
power  plant  which  combines  the  lightweight  pressure  rise  capability  of  a  gas 
turbine  with  the  high  efficiency  of  a  diesel.  When  optimized  for  a  rotor- 
craft,  the  CCE  will  reduce  fuel  burned  for  a  typical  2  hour  (plus  30  min 
reserve)  mission  by  30  to  40  percent  when  compared  to  a  conventional  advanced 
technology  gas  turbine.  The  CCE  can  provide  a  50  percent  increase  in  range- 
payload  product  on  this  mission. 

Results  of  recent  activities  in  a  program  to  establish  the  technology  base 
for  a  Compound  Cycle  Engine  are  presented.  The  objective  of  this  program  is 
to  research  and  develop  those  critical  technologies  which  are  necessary  for 
the  demonstration  of  a  multicylinder  diesel  core  in  the  early  1990's.  A  major 
accomplishment  has  been  the  initial  screening  and  identification  of  a  lubri¬ 
cant  which  has  potential  for  meeting  the  material  wear  rate  limits  of  the 
application. 

An  in-situ  wear  measurement  system  has  also  been  developed  to  provide 
accurate,  readily  obtainable,  real  time  measurements  of  ring  and  liner  wear. 
Wear  data,  from  early  single  cylinder  engine  tests,  are  presented  to  show 
correlation  of  the  in-situ  measurements  and  the  system's  utility  in  deter¬ 
mining  parametric  wear  trends. 

The  paper  concludes  with  a  plan  to  demonstrate  a  compound  cycle  engine  by 
the  mid  1990's. 


INTRODUCTION 

A  program  is  being  conducted  to  develop  those  technologies  critical  to 
demonstrating  a  2000  hour  mean  time  between  overhauls,  MTBO,  high  specific 
power,  light  weight  compound  cycle  engine  (CCE).  Recent  studies  have  shown 
that  fuel  is  70  percent  of  the  tonnage  shipped  by  the  Army  for  supply  and 
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support  under  battlefield  conditions.  Another  study  (ref.  1),  showed  that  a 
compound  cycle  engine,  with  its  superior  fuel  efficiency,  when  installed  in  a 
Blackhawk  helicopter  and  operated  over  a  typical  2-hour  mission,  could  have  a 
specific  weight  as  high  as  0.76  pound  per  horsepower  (Ib/hp)  and  still  be 
competitive  with  a  gas  turbine  engine  in  terms  of  range-payload  product.  This 
result  assumed  the  same  take-off  gross  weight,  and  balanced  the  CCE's  in¬ 
creased  engine  weight  against  its  lower  fuel  consumed  plus  tankage  weight. 

This  paper  summarizes  the  activities  and  results  to  date  under  this  tech¬ 
nology  development  program.  The  major  part  of  these  activities  is  being 
conducted  by  the  Garrett  Turbine  Engine  Company,  under  the  sponsorship  of  the 
U.S.  Army  Aviation  Systems  Command  (AVSCOM).  The  efforts  include  an  analy¬ 
tical  feasibility  study  of  a  compound  cycle  engine  for  a  light  helicopter 
application;  a  lubricant  and  material  research  and  development  program;  and  a 
component  technology  development  program.  The  paper  will  conclude  with  a  long 
range  plan  to  meet  a  1990's  multicylinder  diesel  core  demonstration  date. 


BACKGROUND 

A  comparison  of  the  performance  of  small  to  medium  size  shaft  power  en¬ 
gines  (200  to  6000  hp),  shows  the  potential  for  reduced  fuel  consumption  with 
the  incorporation  of  a  diesel  or  compound  cycle  power  plant  (fig.  1.).  The 
greatest  fuel  savings  come  from  the  use  of  a  compound  cycle,  which  is  also  the 
lighter  of  these  two  options. 

The  compound  cycle  engine,  shown  schematically  in  figure  2,  combines  the 
airflow  capacity  and  light-weight  pressure  rise  features  of  a  gas  turbine  with 
the  highly  efficient,  although  heavier,  diesel.  The  compressor  of  the  turbo¬ 
machinery  module  delivers  a  highly  pressurized  charge  of  air  to  the  diesel 
cylinders.  Within  the  cylinders,  further  compression,  fuel  injection,  com¬ 
bustion,  and  expansion  takes  place,  as  in  any  conventional  reciprocating 
engine,  but  at  substantially  higher  pressures  and  temperatures.  Power  is 
extracted  during  the  expansion  stroke  and  the  exhaust  gases  are  then  returned 
to  the  turbomachinery  module.  The  exhaust  energy  available  is  in  excess  of 
what  is  required  to  drive  the  compressor,  and  that  excess  power  is  extracted 
in  a  free  turbine  and  combined  with  the  diesel  output  through  a  gear  train. 
This  combined  output  comprises  the  total  cycle  output,  hence  the  name  compound 
cycle  engine. 

As  outlined  in  reference  2,  the  1940's  and  early  1950's  saw  considerable 
interest  in  compound  cycle  engines  being  applied  to  aircraft.  During  the 
early  1950's,  the  most  fuel  efficient  internal  combustion  engine  ever  flown, 
the  Napier  Nomad,  demonstrated  an  SFC  of  less  than  0.35  Ib/hp-hr  in  flight 
(ref.  3).  The  engine  used  a  highly  turbocharged,  power  compounded  cycle  to 
reach  this  level  of  performance.  It  delivered  3050  hp  output  at  a  weight  of 
3580  1b.  The  advent  of  the  gas  turbine,  however,  coupled  with  the  low  cost  of 
fuel  at  the  time  and  the  drive  toward  faster  speeds,  brought  an  end  to  the 
Nomad.  This  technology  stagnated  while  gas  turbines  flourished  in  the  30-plus 
intervening  years.  As  figure  3  indicates,  the  performance  of  small  simple 
cycle  gas  turbines  is  now  at  a  level  where  further  improvement  in  specific 
fuel  consumption  is  very  difficult  to  achieve  due  to  the  high  pressure  ratios 
that  would  be  required.  In  addition,  to  produce  a  smaller  package  than  pre¬ 
sently  in  production  for  a  given  power  class  of  engine,  would  require  higher 


684 


turbine-inlet  temperatures  than  either  materials,  cooling,  or  manufacturing 
technologies  are  ready  to  deal  with. 

The  Army/NASA  Small  Engine  Technology  program  (ref.  4),  indicated  that 
performance  increases  of  significant  magnitude  for  the  year  2000  turbomachine 
will  require  improved  cycles  incorporating  the  results  of  intensive  research 
and  development  efforts  in:  (1)  materials,  i.e.,  ceramics  for  higher  cycle 
temperatures,  and  (2)  in  component  aerodynamic  design  for  improved  efficien 
cies.  Efforts  in  other  areas  will  provide  payoffs  of  a  smaller  magnitude. 

The  reduction  in  fuel  burned  predicted  for  the  year  2000  rotorcraft  applica¬ 
tion  was  dependent  on  all  the  key  technologies  reaching  the  applications  phase 

( refs .  5  and  6) . 

Economic  and  logistic  pressures  have  forced  us  to  reconsider  other,  more 
efficient  power  plants  such  as  the  compound  cycle.  The  already  mentioned 
tonnage  which  the  Army  must  supply  and  support  under  battlefield  conditions, 
and  the  need  for  a  deep  penetration  capability,  are  examples  of  the  drivers 
?Sward  better  fuel  efficiency.  It  is  estimated  that  by  adapting  the  Napier 
Nomad  to  a  helicopter  mission  and  incorporating  modern  technologies  into  its 
35  year  old  design,  this  compound  cycle  engine  could  be  made  to  run  at  an  bn 
in  the  range  of  0.35  Ib/hp-hr  and  weigh  0.6  Ib/hp  or  less.  The  weight  reduc¬ 
tion  would  be  accomplished  by  removing  the  reduction  gearbox,  which  had  been 
needed  for  a  propeller  drive,  and  deleting  the  variable-speed  transmission, 
which  had  been  needed  for  turbomachinery  and  diesel  speed  matching.  Instead  a 

free  turbine  stage  would  be  used  for  power  extraction  and  the  number  of  turbo 

.  .  .  -j. _ _ 3i  1  u  frnm  thp  nrioinal  Nomad  desion.  Modern 


materials  and  structural  analysis  techniques  wouio  a  iso  oe  empiuycu 

Until  recently,  few  major  advances  have  occurred  in  reciprocating  en¬ 
gines.  In  1977,  however,  a  joint  Defense  Advanced  Research  Project  Agency 
(DARPA).  Air  Force  program,  the  Compound  Cycle  Turbofan  Engine  (CCTE)  or 
reference  7  at  Garrett,  investigated  a  highly  turbocharged,  power  compounded 
turbofan/diesel  engine  for  a  cruise  missile  application.  Power  densities 
greater  than  seven  times  that  of  the  best  current  production  diesels  were 
demonstrated  in  a  single  cylinder  rig.  A  mission  redirection  terminated  that 
effort.  However,  that  program  formed  the  basis  for  the  present  activity. 


COMPOUND  CYCLE  ENGINE  PROGRAM 

The  goal  of  the  compound  cycle  engine  (CCE)  program  is  a  30  to  40  percent 
reduction  in  mission  fuel  weight  with  a  resultant  50  percent  improvement  in 
payload-range  product  for  a  light  helicopter.  The  program  objective  is  to 
demonstrate  the  low  specific  fuel  consumption  and  low  specific  weight  poten¬ 
tial  of  a  compound  cycle  turbine-diesel  engine  for  a  light  helicopter  applica 
tion.  The  immediate  activity  is  focused  on  those  which  are 

critical  to  the  demonstration  of  a  high  specific  power,  long  life  (2000  hr 
mean  time  between  overhauls,  MTBO),  light  weight  multicylinder  diesel  core  in 
the  early  1990's.  Toward  this  end,  the  Garrett  Turbine  Engine  Company  has 
been  under  contract  since  1984  to  perform  a  technology  research  and  technology 
development  program.  The  contracted  activity  includes  a  feasibility  study  to 
determine  the  merit  of  using  a  CCE  in  a  dual,  1000  hp  engine,  light  heli¬ 
copter;  lubricant  and  material  research  and  development;  and  single  cylinder 
component  research. 
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Light  Rotorcraft  Feasibility  Study 

A  thorough  review  of  the  feasibility  study  is  presented  in  reference  2. 
Selected  highlights  of  the  results  are  presented  here,  to  preface  the  technol¬ 
ogy  development  discussion. 

The  final  engine  design  (fig.  4),  is  quite  similar  to  a  free  turbine 
turboshaft  engine,  but  with  the  combustor  replaced  by  a  power  producing  six 
cylinder  diesel  core  operating  on  a  uniflow  scavenged,  2-stroke  cycle.  A  two 
stage  centrifugal  compressor  raises  the  charge  air  pressure  to  10.6  atmo¬ 
spheres.  This  air  then  passes  through  an  air-to-air  aftercooler  which  lowers 
its  temperature  (increases  density)  prior  to  it  being  inducted  into  the  cylin¬ 
ders  through  circumferential  ports  at  the  bottom  of  the  piston  stroke.  The 
air  is  compressed  to  1/7.5  times  its  original  volume  on  the  upward  stroke  of 
the  piston  and  fuel  is  injected  near  top  dead  center,  burned,  and  exhausted 
through  valves  in  the  head  on  the  piston  down  (power)  stroke.  The  engine 
exhaust  gases  then  flow  through  the  single-stage,  radial-inflow  gas  generator 
turbine  which  drives  the  compressor.  The  exhaust  then  flows  through  the  axial 
flow  free  power  turbine  which  puts  power  back  into  the  diesel  crankshaft 
through  gearing.  A  cutaway  of  a  generic  installation  is  shown  in  figure  4. 

Table  I  provides  a  list  of  selected  design  point  parameters  for  the  CCE 
and  for  current  production  heavy  duty  diesels.  The  comparatively  low  weight 
of  the  CCE  is  achieved,  to  a  large  extent,  by  doing  the  majority  of  the  cycle 
pressure  rise  through  compression  in  the  turbomachinery.  The  CCE's  high  power 
densHy  results  from  a  combination  of  the  2-stroke  cycle,  high  engine  speed, 
high  cylinder  pressures  and  small  piston  displacement. 

The  study  indicated  that  substantial  fuel  savings  and  improvements  in 
range-payload  product  are  potentially  available  with  the  CCE.  For  a  repre¬ 
sentative  mission  of  2  hours  (plus  30  min  reserve  fuel)  during  which  80  per¬ 
cent  of  the  time  is  spent  at  or  below  50  percent  power,  the  CCE  propulsion 
system  plus  fuel  and  tankage  weight  equalled  that  of  a  gas  turbine  in  less 
than  one  hour.  Beyond  this  time  the  CCE  system  became  progressively  lighter 
than  a  gas  turbine.  This  result  arises  from  the  lower  specific  fuel  consump¬ 
tion  of  the  CCE;  25  percent  better  than  a  current  development  gas  turbine  at 
design  power,  and  improving  to  36  percent  better  at  50  percent  power,  as  shown 
in  figure  5. 

The  study  identified  three  critical  technology  development  areas:  piston 
ring/liner  interface  wear  life;  exhaust  valve  temperatures;  and  rapid  fuel 
injection  with  high  heat  release  combustion.  Since  the  completion  of  the 
feasibility  study  and  with  identification  of  the  critical  technologies,  pro¬ 
gram  activity  has  concentrated  on  the  major  challenge  to  meeting  the  high 
power  density  2000  hour  MTBO  goal.  This  challenge  is  the  low  piston  ring/ 
liner  interface  wear  at  high  speed  and  power  densities.  The  wear  is  investi¬ 
gated  in  the  lubricant/material  screening,  and  in  the  single  cylinder  engine 
testing.  The  following  sections  of  this  report  discuss  the  screening  and 
engine  testing  activities  and  progress  to  date. 
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Lubricant/Material  Screening 

The  objectives  of  this  effort  are  to:  identify  a  lubricant  that  is  com- 
oatible  with  the  critical  environment  and  requirements  of  the  diesel  and  gas 
turbine  engines;  and  identify  potential  diesel  engine  piston  nng/cylinder 
liner  material  and  lubricant  combinations.  Lubricants  and  materials  are  being 
screened  on  a  modified  Hohman  friction  and  wear  tester  (fig.  6).  Two  rub 
blocks  wear  against  a  rotating  shaft  under  simulated  cylinder  pressure,  veloc¬ 
ity  and  temperature  conditions  (P,  V,  T) . 

This  activity  began  with  the  best  tribological  combination  from  the  DARPA/ 
Air  Force  program  of  reference  7  as  a  baseline.  This  combination  was  Koppers 
K-1008  (CroCo-Moly)  coated  blocks  (simulating  a  piston  ring)  rubbing  on  an 
N-135  (Nitralloy)  Nitrided  shaft  (simulation  a  cylinder  liner),  and  lubricated 
with  Stauffer  STL  +  10  percent  TAP.  The  lubricant  approach  is  to  use  gas 
turbine  type  of  lubricant  basestocks  and  modify  them  to  meet  diesel  require¬ 
ments.  This  activity  is  underway  and  will  be  followed  by  tests  of  potential 
piston  ring/cylinder  liner  hard  wear  resistant  material  combinations  with  the 
most  promising  lubricant.  The  best  lubricant  to  date  has  been  Monsanto 
MCS-2189  (MIL-L-27502  type)  which  reduced  the  wear  rate  to  1/7  of  baseline 
level,  and  the  friction  coefficient  (0.016  avg.)  and  frictional  temperature 
rise  (205“  F  avg.)  at  800“  F  to  60  percent  of  their  baseline  levels.  Addi¬ 
tives  are  also  being  tested  with  MCS-2189. 


While  the  systematic  approach 
combinations  has  provided  promise 
to  extend  the  qualitative  screeni 
of  the  dependence  of  wear  on  the 
temperature  and  piston  velocity, 
overall  engine  operation.  Figure 
cylinder  operational  parameters, 
attempt  is  being  made  to  develop 


used  in  screening  lubricant  and  material 
of  approaching  the  TBO  goal,  there  is  a  need 
ng  activity  to  a  quantitative  understanding 
cycle  parameters  of  cylinder  pressure  and 
on  the  tribology  of  the  system,  and  on  the 
7  depicts  the  interrelationship  of  in- 
Although  the  parameters  are  being  varied,  no 
a  correlation  between  the  parameters. 


Single  Cylinder  Engine  Testing 


The  overall  objective  of  the  single  cylinder  engine  testing  is  to  demon¬ 
strate  single  cylinder  diesel  component  life  and  performance  in  preparation 
for  the  multicylinder  diesel  core  engine  demonstrator  program.  This  activity 
is  presently  concentrating  on  in-cylinder  piston  ring/liner  wear  and  tribol¬ 
ogy.  It  began  by  using  hardware  from  the  DARPA-Air  Force  program  in  which  the 
single  cylinder  engines  had  been  run  at  more  than  seven  times  the  power  den¬ 
sity  of  the  best  current  production  diesels,  reaching  7.2  hp/cu.in.  These 
engines,  although  loop  scavenged,  provided  an  early  opportunity  to  concentrate 
on  piston  ring/liner  wear  while  operating  at  the  specific  power  levels  of  the 
CCE  It  should  be  noted  that  during  the  single  cyclinder  engine  tests,  power 
densities  of  nearly  5  hp/cu-in  were  consistently  obtained  in  over  100  hours  of 

testing. 

The  present  program  piston  ring/liner  wear  activity  has  dealt  mainly  with 
the  development  of  a  method  for  making  in-situ,  real  time  measurements  of 
wear.  These  measurements  are  obtained  using  a  SPIRE-WEAR  radionuclides  meas¬ 
urement  system  (ref.  8),  which  has  been  developed  to  a  point  of  relatively 
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good  utility  and  accuracy.  Data  using  this  system  were  used  to  establish 
baseline  wear  rate  measurements. 

Figure  8  is  a  representation  of  how  the  radionuclide  system  works.  Hard¬ 
ware,  in  this  example  a  piston  ring,  is  irradiated  by  exposing  the  wear  sur¬ 
face  to  an  accelerator  particle  beam.  Careful  control  over  the  bombardment 
parameters  results  in  a  desirable  distribution  and  level  of  activity  in  the 
surface  of  the  ring.  The  ring  is  then  subjected  to  wear  in  an  engine  under 
controlled  conditions  of  P,  V,  T.  The  ring  activity  is  measured  through  the 
top  of  the  cylinder  by  a  scintillation  counter  and  is  continuously  recorded 
for  computer  analysis.  The  activity  history  is  compared  against  the  known 
radioactivity  distribution,  corrected  to  account  for  normal  isotope  decay,  to 
provide  a  history  of  wear  versus  time.  The  wear  rate  of  change  is  then  cor¬ 
related  with  the  test  P,  V,  T  conditions.  The  discussion  in  reference  8 
provides  more  detail  on  this  method  of  wear  measurement.  Those  items  that 
required  special  attention  for  use  in  the  single  cylinder  engine  rig  are 
mentioned  below. 

Development  of  the  wear  measurement  system  required  identification  of  an 
appropriate  material/isotope  combination  to  provide  a  reasonable  energy  level 
and  half  life  to  accomplish  wear  rate  test  objectives.  Location  of  the  radi¬ 
ation  detector  for  optimum  data  acquisition,  and  maintenance  of  a  constant 
detector  temperature  were  key  to  achieving  consistent  results.  Software 
modifications  included  changing  the  energy  integration  technique  to  an  area 
integration  scheme  over  a  wider  bandwidth  than  originally  proposed.  This 
allowed  faster,  more  accurate  acquisition  of  data.  As  a  result,  the  SPIRE- 
WEAR  system  and  test  setup  was  ready  to  be  applied  on  the  next  test  sequence 
which  will  utilize  a  uniflow  scavenged  engine,  modified  to  operate  as  a  single 
cylinder  test  rig. 

Figure  9  shows  representative  ring  wear  data  recorded  over  15  nonconsec- 
utive  test  hours  of  operation  on  the  single  cylinder,  loop  scavenged  engine 
test  rig.  All  the  running  was  at  a  speed  of  6000  rpm  with  a  cylinder  inlet 
temperature  of  300®  F,  and  with  the  baseline  tribological  combination.  The 
data  from  the  first  41/2  hours  were  recorded  at  an  inappropriate  sample  rate 
and  therefore  reliable  wear  rate  calculations  were  not  possible.  From  4  1/2 
hours  on,  a  more  optimum  sampling  was  used,  and  it  can  be  seen  that  the  wear 
rate  (slope  of  the  line)  is  quite  repeatable  for  repetitions  of  the  same  power 
level:  0.6  ym/hr  at  40  IHP,  0.7  to  1  ym/hr  at  60  IHP,  and  2.0  ym/hr  at  80 
IHP.  These  wear  rates  when  projected  onto  the  composite  helicopter  mission 
profile,  and  allowing  a  0.006  inch  allowable  radial  ring  wear,  indicate  a  200 
hour  TBO  (time  between  overhauls)  with  the  baseline  materials  and  lubricant  in 
a  loop  scavenged  engine.  Projecting  the  improvement  of  using  Monsanto 
MCS-2189  into  the  uniflow  scavenged  single  cylinder  engine,  a  1400  hour  TBO 
life  would  be  anticipated. 

The  set  of  data  shown  in  figure  9  also  provided  one  check  on  the  accuracy 
of  the  measurement  system.  The  calculated  wear  over  15  hours  of  operation  was 
22.7  ym,  while  the  actual  measured  wear  was  25  ym,  indicating  an  overall 
difference  of  about  10  percent.  The  percentage  difference  was  greater  on  some 
of  the  other  tests.  A  nominal  value  of  uncertainty  has  not  yet  been 
determined. 

Figure  10  provides  an  indication  of  the  capability  afforded  with  the 
in-cylinder  wear  measurement.  It  represents  over  20  data  points  recorded  in 
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slightly  less  than  31  non-consecutive  test  hours  with  a  single  activated  ring, 
run  on  one  build  of  the  engine.  Using  standard,  intrusive  types  of  measure¬ 
ments  would  have  required  at  least  twenty  partial  disassembly/assembly  oper¬ 
ations,  introducing  substantial  doubt  about  the  configuration  repeatability. 
The  wear  data  was  acquired  on  the  loop  scavenged  configuration,  and  is  there¬ 
fore  not  quite  representative  of  the  uniflow  scavenged  design.  However,  it 
does  demonstrate  that  the  radionuclides  system  provides  the  capability  to 
perform  the  type  of  parametric  studies  of  ring  wear  rate  versus  cycle  param¬ 
eters  and  cylinder  tribology  that  were  indicated  by  figure  7.  As  the  uniflow 
scavenged  single  cylinder  activity  approaches  the  power  levels  of  the  CCE, 
actual  configuration  wear  rate  parametric  relationships  should  begin  to 
emerge. 


COMPOUND  CYCLE  ENGINE  PROGRAM  PLAN 

The  CCE  program  plan  is  presented  in  figure  11.  As  shown,  the  component 
technology  activities  have  been  ongoing  since  late  1984,  these  being  mainly 
the  lubricant/wear  (tribology)  and  single  cylinder  research  under  contract  to 
the  Garrett  Turbine  Engine  Company.  The  immediate  objective  of  these  activ¬ 
ities  is  to  demonstrate  that  we  know  how  to  meet  the  2000  hour  MTBO  goal.  In 
addition,  it  is  necessary  to  develop  the  critical  technologies  required  for 
the  demonstration  of  a  high  specific  power,  light-weight  multicylinder  diesel 
core  in  the  early  1990's.  The  diesel  core  engine  (gas  generator)  demonstra¬ 
tion  would  lead  into  a  full  CCE  demonstrator  by  the  mid  90's.  It  is  antic¬ 
ipated  that  the  component  technologies  effort  would  continue  through  the 
entire  program,  with  specific  tasks  changing  as  requirements  arose.  To  meet 
the  overall  program  timeframe,  progress  in  the  component  technologies  must 
continue 


SUMMARY  OF  RESULTS 

Studies  have  shown  that  a  compound  cycle  turbine  diesel  engine  is  an 
advanced  engine  concept  which  has  potentially  high  benefits  for  the  Army  light 
helicopter  application.  These  benefits  include  a  30  to  40  percent  reduction 
in  fuel  burned  and  a  50  percent  increase  in  payload-range  product  for  a  dual- 
1000  hp  engine  helicopter  on  a  2  hour  (plus  30  minute  reserve  fuel)  mission. 

Early  tribological  screening  and  single  cylinder  engine  tests  indicate 
that  good  progress  is  being  made  toward  obtaining  the  2000  hour  MTBO  life 
goal.  It  is  expected  that  continued  progress  will  be  made  in  the  development 
of  improved  lubricants  such  as  Monsanto  MCS  2189,  with  equal  success  in  mater¬ 
ial  optimization,  in  order  to  reach  utility  in  time  for  use  in  the  CCE 
program. 
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TABLE  I.  -  COMPARISONS  OF  DESIGN  PARAMETERS 
FROM  1000  HP  HELICOPTER  ENGINE  STUDY  WITH 
CURRENT  DESIGN  PRACTICE 


Parameter 

Target 

Current 

design 

practice 

P/Pcompressor 

10.6 

2-3 

Comp,  ratio 

7.5 

14  -  17 

Diesel  speed 

6000  rpm 

1800  -  2500  rpm 

Top  ring  reversal 
temperature 

U- 

o 

o 

o 

GO 

<450  •F 

Brake  mean 
effective  pressure 

393  psi 

150  -  250  psi 

Mean  piston  speed 

3000  fpm 

<2000  fpm 

Ibm/hp 

0.432 

5-10 

hp/1n3 

5.7 

0.5  -  1 
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SPECIFIC  FUEL  CONSUMPTION.  LB/HP-HR 


0.7 


0.2  i  t  1  ‘  1  II 

200  400  600  1000  2000  4000  6000 


SHAFT  HORSEPOWER 

CD^20633 

FIGURE  1.  -  GENERAL  PERFORMANCE  COMPARISON  OF  SHAFT-POWER 
ENGINES  (200-6000  HP). 


TURBOMACHINERY 

•  LOW  WEIGHT 

•  HIGH  POWER  DENSITY 


FIGURE  2.  -  SCHEMATIC  OF  A  COMPOUND  CYCLE  ENGINE. 
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SPECIFIC  FUEL  CONSUMPTION,  LB/HP-HR 


FIGURE  3,  -  GAS  TURBINE  ENGINE  PERFORMANCE  DEPENDANCE  ON  PRESSURE  RATIO  AND 
TURBINE-INLET  TEMPERATURE. 


FIGURE  *1.  -  CONCEPTUAL  CONFIGURATION  OF  1000  HP  COMPOUND  CYCLE  ENGINE. 


DESIGN  POINT  GAS  TURBINE 


0  .1  .2  .3  .4  .5  .6  0  20  40  60  80  100 


SPECIFIC  WEIGHT.  IBm/HP  POWER,  % 

FIGURE  5.  -  CYCLE  PERFORMANCE  AND  WEIGHT  (INCLUDING  FUEL  AND 
TANKAGE)  COMPARISONS  FOR  1000  HP  CCE  AND  GAS  TURBINE, 


00-66-23007 

FIGURE  6.  -  MODIFIED  HOHMAN  FRICTION  AND  WEAR  TESTER. 
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I  MATERIALS  AND  LUBRICANTS 

RING  REVERSAL  TEMP 

PISTON  RING  GEOMETRY 
SURFACE  TOPOGRAPHY 
FRICTION 

HIGH  TEMP  (ASHLESS  LUBE) 
PREFERENTIAL  LUBE 

WEAR  lf(P,  T,  V)] 

€0-66-20633 

FIGURE  7.  -  REPRESENTATION  OF  THE  DEPENDENCE  OF  ENGINE  LIFE  ON  THE  CYCLE 
PARAMETERS  (CYLINDER  PRESSURE  AND  TEMPERATURE,  AND  PISTON  VELOCITY) 

AND  TRIBOLOGY. 


ACCELERATOR 
PARTICLE  BEAM 


DEPTH  BELOW 
SURFACE, 


CD-87-24313 


RUN  HARDWARE  IN 
REAL  ENVIRONMENT: 

(P.V.T)1.  (P.V.T)2.  (P.V.T)3.  ■  •  ■ 


ANALYZE 
WEAR  HISTORY 
d  (Wear)/dt  ==  f  (P,VJ) 


FIGURE  8.  "  USE  OF  RADIONUCLIDES, DETECTION  FOR  IN-SITU  MEASUREMENT  OF  COMPONENT  WEAR. 
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FIGURE  9.  -  REPRESENTATIVE  IN-SITU  RING  WEAR  DATA  FROM 
SINGLE  CYLINDER.  LOOP  SCAVENGED  HARDWARE.  ENGINE  SPEED 
6000  RPM.  INLET  TEMPERATURE  300  °F. 


EXHAUST  TEMPERATURE,  op 

FIGURE  10.  -  VARIATION  OF  RING  WEAR  RATE  WITH  EXHAUST 
TEMPERATURE  AND  POWER  LEVEL  ON  SINGLE  CYLINDER.  LOOP 
SCAVENGED  HARDWARE.  (KOPPERS  K1008/K28  PISTON  RING 
ON  NITRIDED  NITRALLOY  LINER.) 
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COMPONENT  TECHNOLOGY 

1 
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FIGURE  11.  -  COMPOUND  CYCLE  ENGINE  PROGRAM  SCHEDULE 
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ABSTRACT 

Performance  of  small  gas  turbine  engines  in  the  250  to  1,000  horsepower  size 
range  is  significantly  lower  than  that  of  large  engines.  Engines  of  this  size 
are  typically  used  in  rotorcraft,  commutercraft ,  general  aviation  and  cruise 
missile  applications.  Principal  reasons  for  the  lower  efficiencies  of  smaller 
engines  are  well  known:  Component  efficiencies  are  lower  by  as  much  as  8  to  10 
percentage  points  because  of  size  effects.  Small  engines  are  designed  for  lower 
cycle  pressures  and  temperatures  because  of  smaller  blading  and  cooling  limita¬ 
tions.  The  highly  developed  analytical  and  manufacturing  techniques  evolved  for 
large  engines  are  not  directly  transferrable  to  small  engines.  Thus,  it  has 
been  recognized  that  a  focused  effort  addressing  technologies  for  small  engines 
was  needed  and  could  significantly  impact  their  performance.  Recently,  in-house 
and  contract  studies  were  undertaken  at  the  NASA  Lewis  Research  Center,  under 
joint  NASA/ Army- AVSCOM  sponsorship  to  identify  advanced  engine  cycle  and  com¬ 
ponent  requirements  for  substantial  performance  improvement  of  small  gas  tur¬ 
bines  for  projected  year  2000  applications.  This  paper  presents  the  results  of 
both  in-house  research  and  contract  studies,  conducted  with  Allison,  AVCO 
Lycoming,  Garrett,  Teledyne  CAE  and  Williams  International.  Rotorcraft  results 
are  emphasized.  In  summary,  projected  fuel  savings  of  22-percent  to  42-percent 
could  be  attained.  Accompanying  direct  operating  cost  reductions  of  11-percent 
to  17-percent,  depending  on  fuel  cost,  were  also  estimated.  High  payoff  tech¬ 
nologies  are  identified  for  all  engine  applications,  and  recent  results  of 
experimental  research  to  evolve  the  high  payoff  technologies  are  described. 


INTRODUCTION 

Small  gas  turbine  engine  performance  in  the  250  to  1,000  horsepower  size 
class  is  significantly  lower  than  that  of  large  engines.  The  major  reasons  for 
this  are  generally  well  known  and  consist  of  lower  component  efficiencies, 
poorer  cycle  efficiencies  due  to  lower  operating  pressures  and  turbine  inlet 
temperatures,  and  the  difficulty  of  transferring  large  engine  derived  improve¬ 
ments  to  small  engine  sizes.  The  purpose  of  this  paper  is  to  define  those 
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technologies  required  to  significantly  improve  small  engine  performance  by  the 
year  2000,  emphasizing  rotorcraft  applications.  Source  materials  for  defining 
these  technologies  were  obtained  from  NASA  Lewis  Research  Center  in-house 
research  and  contract  studies  conducted  under  the  Small  Engine  Technology  (SECT) 
Program  under  joint  NASA/ Army- AVSCOM  sponsorship. 

Small  turbine  engines  are  used  in  a  broad  spectrum  of  aeronautical  applica¬ 
tions  including  rotorcraft,  commuters,  general  aviation  and  cruise  missiles. 
Rotorcraft  are  used  extensively  by  the  military  to  rapidly  deploy  troops  and 
supplies  in  ground  battles  and  perform  attack,  scout,  search  and  rescue 
missions.  Civil  helicopter  uses  include  commuters,  traf fic/police  observation, 
off-shore  oil  rig  transport,  airborne  rescue  and  ambulance,  agricultural,  and 
other  utilitarian  roles.  These  applications  require  350  -  1500  SHP  turboshaft 
powerplants. 

Turboprop  commuters  serve  to  efficiently  transport  small  groups  of  people 
over  short  distances.  They  frequently  interconnect  with  long-range  commercial 
air  transport  carriers  and  thus  provide  an  essential  link  in  our  national  air 
transportation  system.  Commuter  engines  generally  range  from  about  800  SHP 
upwards  to  about  2000  SHP. 

General  aviation  aircraft  provide  a  variety  of  public  services:  Flying 
people  and.  freight;  surveying  and  mapping  natural  resources;  seeding  and 
treating  crops;  patrolling  pipelines,  forests  and  fisheries;  mineral 
prospecting;  rescue  and  ambulance  services;  flight  training  and  other  such  busi¬ 
ness  and  commercial  purposes.  These  fixed-wing  airplanes  employ  piston  and  tur¬ 
boprop  engines  in  the  150  to  1000  SHP  class. 

Cruise  missiles  deliver  a  military  warhead  to  a  target  at 
supersonic/subsonic  speeds  over  a  range  of  less  than  a  hundred  to  several 
thousand  miles,  depending  on  the  mission.  These  generally  use  a  single 
turbo fan/turbojet  engine  in  the  200  —  1000  lb  thrust  class. 

These  broad  ranges  of  applications  and  mission  requirements  lead  to  a 
variety  of  technology  needs.  However,  there  is  considerable  commonality  in 
terras  of  needs  between  the  various  applications;  These  are: 

1.  Expanded  vehicle  capability  in  terms  of  range,  speed  and/or  payload. 

2.  Reduced  costs, "both  initial  and  operational. 

3.  Increased  logistic  flexibility  relating  to  reduced  demands  for  logistic 
support  such  as  consumables. 

4.  Improved  survivability,  primarily  a  military  concern. 

Approaches  for  satisfying  these  technology  needs  are  described  in  this  paper, 
with  special  emphasis  on  rotorcraft  applications. 
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MULTIPLE  MISSION  NEEDS 


As  shown  in  Figure  1,  small  turbine  engines  are  used  in  a  broad  spectrum  of 
aeronautical  applications  including  rotorcraft,  commuters,  general  aviation  and 
cruise  missiles.  The  broad  range  of  applications  and  mission  requirements  has 
led  to  a  variety  of  technology  needs.  However,  there  is  considerable  com¬ 
monality  between  the  various  applications.  These  mission  needs  are  summarized 
in  the  following  table: 


MULTIPLE  MISSION  NEEDS 


RQTORCRAFT 

°  EXPAND  VEHICLE  CAPABILITY 
®  INCREASE  LOGISTIC  FLEXIBILITY 
®  REDUCE  OPERATING  COST 
°  IMPROVE  SURVIVABILITY 


COMMUTER  AIRCRAFT 

®  EXPAND  VEHICLE  CAPABILITY 
°  REDUCE  OPERATING  COST 


GENERAL  AVIATION  CRUISE  MISSILES 

®  EXPAND  VEHICLE  CAPABILITY  ®  EXPAND  VEHICLE  CAPABILITY 

°  REDUCE  INITIAL  AND  OPERATING  COSTS  °  IMPROVE  SURVIVABILITY 


Expanded  Vehicle  Capability: 

This  refers  to  an  extension  of  vehicle  operating  limits  in  terms  of  range, 
speed  and/or  payload.  An  improvement  in  the  propulsion  system  can  be  used  to 
maximize  any  one  of  these  parameters  depending  on  mission  requirements.  An 
important  feature  of  rotorcraft  propulsion  systems,  unlike  the  other  propulsion 
systems,  is  that  they  are  required  to  operate  at  power  levels  near  50-percent 
of  rated  power  for  as  much  as  75-percent  of  the  time  for  typical  missions. 

Thus,  for  these  systems,  it  is  of  major  importance  that  the  efficiency  at  part 
power  be  significantly  increased  to  realize  large  reductions  in  fuel  burned  and, 
therefore,  increased  range  and/or  payload.  Accomplishing  this  will  depend  to  a 
large  extent  on  the  application  of  variable  geometry  in  small  size 
turbomachinery,  particularly  in  the  power  turbine.  Present  practice  is  to  mini¬ 
mize  the  amount  of  variable  geometry  required  in  the  compression  system  by 
limiting  the  cycle  pressure  ratio,  and  to  provide  no  variability  within  the  tur¬ 
bine.  This  is  a  result  of  trying  to  keep  cost  and  complexity  to  a  minimum. 
Highly  advanced  small  turbine  engines  will  require  novel  and  innovative  concepts 
that  minimize  the  cost  and  complexity  of  variable  geometry  if  full  benefit  is  to 
be  achieved  in  the  advanced  cycles. 

Reduced  Cost: 

This  includes  both  initial  and  operating  cost.  While  all  users  are 
interested  in  reduced  costs,  generally  system  users  with  high  utilization  rates 
tend  to  be  more  concerned  with  operating  costs  as  opposed  to  users  with  low  uti¬ 
lization  rates,  who  are  more  concerned  about  initial  cost.  Users  with  high  uti¬ 
lization  rates  may  be  more  willing  to  absorb  higher  initial  costs  with  the 
potential  of  reduced  operating  costs. 
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Increased  Logistic  Flexibility; 


This  relates  to  a  reduced  demand  for  logistic  support,  such  as  reduced  con¬ 
sumables.  This  is  of  special  significance  to  military  missions.  Presented 
below  is  a  battlefield  scenario  which  reflects  on  the  impact  that  a  50-percent 
fuel  savings  can  have  on  reducing  the  amount  of  tonnage  shipped  across  the 
battlefield  and  its  effect  on  mission  capability  and  flexibility. 


IMPACT  OF  FUEL  ON  MILITARY  MISSION  FLEXIBILITY 
-FROM  BATTLEFIELD  SCENARIOS- 


“  FUEL  IS  70%  OF  TONNAGE  SHIPPED 

“  ARMOR/MECH/INF  DIVISIONS 

AVIATION:  100,000  GAL/DAY  PER  DIV 

GROUND;  50,000  GAL/DAY  PER  DIV 

FOR  15,000  MAN  DIVISION,  10  GAL/DAY/MAN  PER  DIV 

"  AIR  ASSAULT  DIVISION 

AVIATION:  320,000  GAL/DAY  PER  DIV 

GROUND;  20,000  GAL/DAY  PER  DIV 

FOR  15,000  MAN  DIVISION,  22  GAL/DAY/MAN  PER  DIV 


*  A  50%  SAVINGS  IN  AVIATION  FUEL  CAN  SIGNIFICANTLY  REDUCE 
TOTAL  TONNAGE  SHIPPED,  THUS  INCREASING  MISSION  CAPABILITY 
AND  FLEXIBILITY. 


Improved  Survivability; 

This  is  primarily  a  military  concern,  although  increased  safety  of  opera¬ 
tion  is  always  sought  for  civil  aircraft. 


Needs,  Goals  and  Approach; 

The  mission  needs  identified  above  can  be  translated  into  the  goals  con¬ 
tained  in  the  following  table; 
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NEEDS 

GOALS 

APPROACH 

EXPAND  VEHICLE 
CAPABILITY 

®  DECREASE  SFC 

^  ADVANCED- 
CYCLES 

REDUCE  OPERATING 

COST 

“  IMPROVE  RELIABILITY 

AND  DURABILITY 

INCREASE  LOGISTIC 
FLEXIBILITY 

°  SIMPLER,  FEWER 

PARTS 

*  ADVANCED 

COMPONENTS 

(IFM) 

REDUCE  INITIAL 

COST 

“  SPECIAL 

CONSIDERATIONS 

IMPROVE 

SURVIVABILITY 

®  ADVANCED 

MATERIALS 

Reduced  fuel  consumption  can  directly  benefit  the  first  three  needs:  Vehicle 
capability,  operating  costs,  and  logistic  flexibility.  Reliability  and  durabi¬ 
lity  improvements  can  reduce  operating  costs,  while  simpler,  fewer  parts  can  cut 
both  initial  and  operting  costs.  Special  considerations  refer  to  military 
survivability. 

The  approach  column  Identifies  the  major  thrusts  to  be  addressed  to  achieve 
overall  goals  -  efficient  engines.  These  are  further  illustrated  in  Figure  2 
as  technology  opportunities.  Advanced  cycles  offer  the  potential  of  large 
reductions  in  specific  fuel  consumption  (SFC).  This  will  be  further  Illustrated 
below.  Enhanced  computational  tools  development,  verification  and  application 
to  advanced  concepts  are  required  to  provide  highly  advanced,  efficient,  durable 
components.  Advanced  materials  such  as  ceramics  and  composites  are  required  to 
achieve  the  maximum  performance  and  life  from  the  advanced  engine  concepts. 


EFFICIENT  ENGINE  CYCLES 

Small  vs.  Large; 

Previous  investments  in  technology  programs  by  government  and  industry  have 
led  to  significant  efficiency  gains  for  large  engines.  These  gains  have 
resulted  from  improved  cycles,  components  and  materials.  However,  much  of  these 
technologies  have  not  been  transferrable  to  smaller  engines.  As  engine  power 
size  decreases,  performance  decreases  due  to  the  combined  effects  of  increased 
relative  clearances,  lower  Reynolds  number,  increased  relative  surface  rough¬ 
ness,  etc.  The  result  of  these  adverse  effects,  illustrated  in  Figure  3,  are 
particularly  noticeable  below  2000  SHP  where  the  benefits  of  high  cycle  pressure 
ratio  are  unobtainable  for  small  engines  due  to  the  severity  of  adverse  scaling 
penalties.  Small  engines  employ  different  component  configurations  such  as 
centrifugal  compressors,  reverse  flow  combustors,  and  radial  turbines  to  mini¬ 
mize  these  effects. 

In  the  future,  problems  associated  with  size  effects  will  no  longer  be 
limited  to  small  engines.  Future  large  turbo fan  engines  designed  for  high  by 
pass  ratios  and  higher  cycle  pressure  ratios  (greater  than  50:1)  will  be  limited 
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in  performance  by  some  of  the  same  size  related  problems  which  presently  limit 
the  performance  of  small  engines.  This  is  the  result  of  the  inherent  reduction 
in  core  engine  flow  size  associated  with  the  higher  bypass  ratio  and  the  higher 
core  pressure  ratio ^  all  of  which  reduces  the  turbomachinery  size  and  the  com¬ 
bustor  length  and  volume.  To  counter  the  losses  associated  with  the  small  tur¬ 
bomachinery  blading,  such  things  as  replacing  the  back  stages  of  the  typically 
all  axial  compressors  with  a  centrifugal  stage  are  now  being  considered, 
following  the  same  trends  as  for  small  engines. 

State-of-the-Art  Cycle  Performance; 

Figure  4  presents  one  example  of  the  performance  of  a  state-of-the-art  800 
SHP  uninstalled,  simple-cycle  gas  turbine.  It  is  used  as  a  reference  for  com¬ 
parison  to  advanced  cycles.  A  turbine  inlet  temperature  of  2200^F  and  a 
pressure  ratio  of  14:1  were  assumed  as  being  representative.  In  addition, 
correct  state-of-the-art  component  efficiencies  and  combustor/ turbine  cooling 
requirements  were  assumed.  The  Brake  Specific  Fuel  Consumption  '•(BSFC)  for  these 
operating  conditions  is  approximately  0.43  Ibs/shp-hr  and  the  specific  power  is 
approximately  180  SHP/ lb/ sec. 

Advanced  Simple  Cycle; 

Figure  5  presents  the  performance  of  an  advanced  simple  cycle  in  com¬ 
parison  to  the  state-of-the-art  simple  cycle.  For  the  advanced  simple  cycle, 
advanced  component  efficiencies  were  assumed,  along  with  higher  operating 
pressures  to  24:1,  higher  temperature  to  2600^F,  and  uncooled  ceramic  hot  sec¬ 
tion  components.  The  advanced  simple  cycle  BSFC  of  0.36  Ib/hp-hr  is  17-percent 
less  than  the  state-of-the-art  engine,  and  its  specific  power  is  55-percent 
higher.  Of  the  17-percent  BSFC  Improvement,  8-percent  is  attributable  to 
advanced  component  efficiencies,  4-percent  is  due  to  the  higher  cycle  pressure, 
temperature  and  reduced  coolant  penalty,  and  5-percent  is  a  result  of  entirely 
eliminating  the  coolant  penalty  by  using  uncooled  ceramics. 

Regenerative  Cycle: 

Figure  6  presents  the  performance  of  an  advanced  regenerative  cycle  in  com¬ 
parison  to  the  state-of-the-art  simple  cycle  and  the  advanced  simple  cycle. 
Again,  advanced  component  efficiencies  were  assumed,  along  with  the  high  turbine 
inlet  temperature  of  2600°F,  and  uncooled  ceramics.  In  terras  of  BSFC,  the 
advanced  regenerated  cycle  provides  the  potential  for  a  very  significant 
37-percent  reduction  over  the  state-of-the-art  engine,  along  with  some  increases 
in  specific  power.  In  addition,  the  optimum  cycle  pressure  ratio  for  the 
regenerated  cycle  is  much  lower  than  that  for  the  advanced  simple  cycle,  thus 
resulting  in  fewer  compression  states.  Regenerative  cycles  could  utilize  either 
a  rotary  regenerator  in  a  stationary  recuperator. 

While  these  potential  performance. gains  are  quite  large,  they  must  be  exa¬ 
mined  in  a  representative  mission  model,  taking  into  consideration  projected 
changes  in  engine  size,  weight,  cost  and  other  factors  before  the  real  benefits 
of  advanced  cycles  can  be  assessed.  Because  of  the  diversity  of  small  engine 
applications,  representative  missions  for  each  application  must  be  individually 
examined.  A  typical  rotorcraft  application  is  shown  in  Figure  7.  As  can  be 
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seen,  advanced  technology  could  deliver  a  potential  fuel  savings  of  30  to 
55-percent  compared  to  today's  state-of-the-art-  technology.  The  reduction  in 
fuel  requirements  would  result  in  a  12-percent  decrease  in  airframe  weight  for  a 
new  airframe  and  could  lead  to  a  21— percent  to  25“percent  decrease  in  Direct 
Operating  Cost  (DOC),  depending  on  the  assumed  acquisition  and  maintenance  costs 
for  an  advanced  new  regenerative  engine. 

Using  similar  calcualtions  for  missions  other  than  rotorcraft,  the  poten¬ 
tial  payoffs  contained  below  were  calculated: 


PAYOFFS 


ROTORCRAFT 

COMMUTERS 

-  50%  FUEL  SAVED 

-  20%  LESS  DOC 

-  35%  FUEL  SAVED 
12-15%  LESS  DOC 

ADVANCED 

ENGINES 

GENERAL  AVIATION 

CRUISE  MISSILES 

20-40%  FUEL  SAVED 
0-15%  LESS  DOC 

60%  RANGE  INCREASE 

The  mission  analyses  conducted  for  the  various  applications  focused  on  fuel 
savings  and  resulting  economic  benefits.  On  this  basis,  fuel  savings  would  be 
at  least  20-percent  for  advanced  simple  cycles  and  as  much  as  55-percent  for 
advanced  regenerative  cycles  for  rotorcraft,  assuming  a  "rubber”  aircraft  sized 
to  accomplish  a  fixed  mission.  However,  the  higher  performance  of  the  advanced 
engines  could  alternatively  be  exploited  to  expand  the  range  or  payload  capabi¬ 
lity  of  fixed  gross  weight  aircraft. 

To  achieve  these  payoffs,  the  technology  challenges  listed  below  would  have 
to  be  successfully  met. 
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TECHNOLOGY  CHALLENGES 


SIMPLE  CYCLES 

°  IMPROVE  TURBOMACHINERY  PERFORMANCE  SIGNIFICANTLY 

"  ELIMINATE  COOLING  PENALTY  AT  HIGH  CYCLE  TEMP.  AND  PRESSURE 

"  IMPROVE  'ILITIES  AND  COST 
REGENERATIVE  CYCLES 

“  REDUCE  HEAT  EXCHANGER  WEIGHT,  SIZE,  AND  COST  PENALTIES 

®  ESTABLISH  HIGH  EFFICIENCY/ RELIABILITY  VARIABLE  AREA  POWER  TURBINE 
TECHNOLOGY 

^  IDENTIFY  USEFUL  MULTI-PURPOSE  ENGINE 

To  achieve  approximately  20-percent  fuel  savings  and  approximately  a 
10-percent  DOC  reduction  with  simple  cycles  requires:  Significant  tur¬ 
bomachinery  performance  improvements;  establishing  approximately  2600°F  uncooled 
hot  section  technology;  and  novel  design/manufacturing  approaches  to  improve  the 
economics  and  reliability  without  significantly  sacrificing  performance  poten¬ 
tial. 


Regenerative  and  recuperative  cycles  provide  the  potential  for  doubling  the 
preceeding  fuel  and  DOC  payoffs.  However,  major  reductions  in  heat  exchanger 
weight,  size,  and  cost  penalties  are  required.  Technology  for  highly  efficient, 
yet  reliable  variable  area  power- turbines  is  also  necessary  for  rotorcraft 
applications.  The  DOC  and  fuel  savings  gains  cited  above  are  merely  potential 
until  applied  to  specific  missions.  This  is  done  in  the  next  section. 

Application  of  Efficient  Engine  Technologies  to  Specific  Missions: 

Contract  studies  aimed  at  identifying  high  payoff  technologies  for  year 
2000  small  gas  turbine  applications  were  conducted  under  the  Small  Engine 
Component  Technology  (SECT)  Program  under  joint  NASA/Army-AVSCOM  sponsorship.  A 
list  of  contractors  and  the  applications  studied  follows: 

SMALL  ENGINE  COMPONENT  TECHNOLOGY  (SECT)  STUDIES 
CONTRACTOR  SELECTED  APPLICATIONS 


CONTRACTOR 

ROTORCRAFT 
500-1,000  HP 

GENERAL 
AVIATION/ 
COMMUTER 
500-1,000  HP 

APU 

300-500  HP 

CRUISE  MISSILE 
200-1,000  LB  T 

ALLISON 

X 

AVCO  LYCOMING 

X 

GARRETT 

X 

X 

X 

X 

TELEDYNE  CAE 

X 

WILLIAMS  INTERNAT’L 

X 
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Details  describing  the  studies,  conditions  imposed,  procedures,  etc.  are  con¬ 
tained  in  references  1  through  6.  Guidelines  are  essentially  the  same  as  those 
described  previously;  i.e.  year  2000  technology,  etc.  The  discussion  below  will 
focus  on  the  rotorcraft  missions  studied. 

Alii son t 

Allison  selected  for  study  the  eight  passenger  tilt  rotor  executive /comm¬ 
ercial  aircraft  shown  in  Figure  8.  The  mission  for  the  twin  turboshaft  powered 
tilt  rotor  aircraft  is  350  nautical  miles  with  a  cruise  speed  of  250  knots  at  an 
altitude  of  20,000  feet.  The  reference  current  technology  engine  has  a  turbine 
rotor  inlet  temperature  of  2200°F,  a  pressure  ratio  of  14:1  and  1,000  SHP  at 
take-off.  The  advanced  cycles  studies  and  the  optimum  cycle  parameters  for  each 
advanced  cycle  considered  follow: 


Non- 

Wave 

Concentric 

Concentric 

Recup. 

Regen. 

Rotor 

Pressure  Ratio 

25 

30 

14 

10 

38 

TRIT,  °F 

2800 

2800 

2800 

2800 

2800 

Effectiveness 

.6 

.7 

P/P 

.10 

.13 

LP  Compressor 

Axial 

Axl-Centrif. 

- 

- 

Axial/ 

Centrif 

HP  Compressor 

Centrif. 

Centrif. 

Axial/ 

Axial/ 

Wave 

Centrif. 

Centrif. 

Rotor 

HP  Turbine 

Radial 

Radial 

Axial 

Axial 

Wave 

Rotor 

LP  Turbine 

Axial 

Radial 

— 

— 

Axial 

Power  Turbine 

Axial 

Axial 

Axial 

Axial 

Axial 

Turbine  inlet  temperatures  of  2200°  to  2800°F  were  studied.  Uncooled  turbines 
were  assumed.  The  2800°F  temperature  was  selected  on  the  basis  of  hot  spot  tem¬ 
perature  capability  of  ceramic  composite  material  and  projected  year  2000  com¬ 
bustor  pattern  factors  of  less  than  0.2.  Regenerator  and  recuperator 
0 f f0ctiveness  values  of  0.6  to  0.8  and  pressure  drops  of  6— percent  to  14— percent 
were  used. 

During  preliminary  analysis  of  the  five  configurations,  two  designs  were 
eliminated:  The  wave  rotor  cycle  because  of  a  lack  of  analytical  capability  to 
evaluate  the  cycle;  and  the  simple  concentric  cycle  because  analysis  indicated 
that  the  bore  stresses  in  the  ceramic  HP  turbine  were  prohibitive. 
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The  remaining  advanced  engine  concepts  were  installed  (analytically)  in  the 
tilt  rotor  aircraft  and  flown  over  the  reference  mission.  Reductions  in  fuel 
burned  were  30,5-percent  for  the  regenerative;  30,7-percent  for  the 
recuperative;  and  16,5-percent  for  the  non-concentric  engines,  DOC  reductions 
achieved  are  shown  in  Figure  9,  All  configurations  achieved  the  program  goal  of 
10-percent  DOC  reduction.  However,  the  non-concentric  engine  produced  the 
greatest  reduction  and  was  selected  for  further  study. 

The  general  arrangement  of  the  non-concentric  engine  is  shown  in  Figure  10, 
The  configuration  incorporates  the  following:  Turbine  rotor  inlet  temperature 
of  2800OF,  pressure  ratio  of  30,  axial/centrifugal  high  pressure  compressor, 
radial  high  pressure  turbine,  radial  low  pressure  turbine,  and  an  axial  power 
turbine.  Required  advanced  technologies  for  bringing  this  concept  to  fruition 
are  ceramic/ceramic  composites  for  the  combustor  and  turbine;  highly  efficient 
components  and  three-dimensional  codes;  and  advanced  bearings  for  reliability 
and  durability.  Assuming  $l/gal  fuel  cost,  advanced  ceramic /ceramic  composites 
provide  58-percent  of  the  DOC  reduction,  with  advanced  aerodynamics  providing 
approximately  40-percent, 

Garrett: 

The  utility  helicopter  shown  in  Figure  11  was  selected  for  the  military/ 
civil  mission  shown  in  Figure  12,  The  mission  consists  of  five  segments  with 
four  hover  periods  and  total  mission  length  of  130,4  nautical  miles.  The 
reference  current  state-of-the-art  engine  has  a  turbine  inlet  temperature  of 
2100°F,  a  pressure  ratio  of  13,5,  and  produces  1,000  HP  at  take-off.  An 
advanced  simple  cycle  and  a  recuperated  cycle  were  studied,  A  summary  of  their 
characteristics  follows: 


Advanced  Simple  Cycle 


Recuperated  Cycle 


TRIT 

Pressure  Ratio 
Compressor 
HP  Turbine 
LP  Turbine 


2600OF 

22,1 

2-Stage  Centrifugal 
Axial,  Uncooled 
Axial,  Uncooled 


Recuperator  Effectiveness 


2600OF 

10:1 

1-Stage  Centrifugal 
Axial,  Uncooled 
Axial,  Variable  Geom¬ 
etry,  Uncooled 

,8 


Selection  of  2600°F  temperature  was  based  on  hot  spot  temperature  capability  of 
ceramic/ceramic  composite  material  and  year  2000  combustor  pattern  factors  of 
less  than  0,2,  Regenerator  and  recuperator  effectiveness  values  of  0,6  to  0,8 
and  pressure  drops  of  6  to  14-percent  were  investigated. 

Analysis  results,  based  on  DOC  and  fuel  burned,  are  contained  in  Figure  13, 
Reduction  in  fuel  burned  is  21,9-pecent  for  the  simple  cycle  and  41.6-percent 
for  the  recuperated  cycle,  compared  to  the  reference  engine.  At  $l/gal  fuel 
cost,  both  cycles  produce  approximately  7-percent  reduction  in  DOC.  Recuperator 
weight  and  cost  offset  the  additional  reduction  in  fuel  burned  of  the  recu¬ 
perated  cycle.  However,  at  $2/gal,  the  recuperated  cycle  has  11.4-percent 
reduction  in  DOC  -  2.7-percent  more  than  the  simple  cycle.  The  increased  fuel 
cost  more  than  offsets  the  recuperator  weight  and  cost. 
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Required  technologies  for  bringing  these  concepts  to  fruition  are 
primarily:  Advanced  materials  -  Ceramic/ceraraic  composites  and  Ni3Al  disk; 
advanced  aerodynamics;  and  system  technologies  -  metal  matrix  shafts,  bearings, 
and  seals. 

Technology  Rankings: 

SECT  contractor  technology  rankings  for  all  of  the  missions  studied  are 
summarized: 


CONTRACTOR  TECHNOLOGY  RANKINGS  BASED  ON  DOC  OR  LCC 


ROTORCRAFT/ COMMUTER 

CRUISE 

MISSILE 

ALLISON 

AVCO 

LYCOMING 

GARRETT 

TELE- 

DY'NE 

WILLIAMS 

$1/GAI 

$2/GAl 

$1/GA1 

$2/GAI 

$1/GAI 

$ 2/GAL 

HHHii 

MATERIALS 

CERAMICS 

58% 

57% 

65% 

55% 

45% 

40% 

31% 

23% 

ADVANCED 

METALLIC  DISK 

20% 

3% 

ADVANCED  AERO- 

DYNAMICS 

40% 

42% 

29% 

25% 

30% 

34% 

22% 

24% 

3-D  CODES  AND 

COMPONENTS 

TURBINE 

17% 

18% 

11% 

10% 

17% 

17% 

15% 

12% 

COMPRESSOR 

14% 

15% 

18% 

15% 

10% 

14% 

7% 

12% 

COMBUSTOR 

9% 

9% 

3% 

3% 

RECUPERATOR 

6% 

20% 

22% 

SYSTEMS  TECH¬ 

NOLOGIES 

BEARINGS 

O 

i  0 

O 

O 

0 

45% 

SHAFTS 

O 

o 

o 

SEALS 

0 

o 

o 

GEARBOX 

40% 

SLURRY  FUEL 

COMBUSTOR 

o  o 

0  0 

“  NECESSARY  TO  ACHIEVE  GAINS  FROM  MATERIALS  AND  AERODYNAMICS 
CRUISE  MISSILE  RANGE  BENEFIT 


The  technologies  are  ranked  on  cost  benefit  based  on  direct  operating  cost  or 
life  cycle  costs.  Ranking  the  technologies  by  fuel  savings  instead,  would  lead 
to  somewhat  different  conclusions. 
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For  the  rotorcraft/coxnmuter  applications,  materials  and  advanced  aerodyna¬ 
mics  provide  significant  cost  benefit  irrespective  of  the  fuel  cost.  The  recu¬ 
perator,  however,  pays  off  at  $2/gal  for  the  cycles  selected.  The  system 
technologies,  while  not  displaying  cost  benefits,  are  necessary  to  achieve  the 
gains  from  the  advanced  materials  and  aerodynamics. 

For  subsonic  strategic  cruise  missile  applications,  the  high  payoff  tech¬ 
nologies  in  order  of  priority  are  reversed.  System  technologies  provide 
approximately  AO-percent  of  the  cost  benefits;  advanced  materials  provide  23  to 
31-percent;  and  advanced  aerodynamics  provide  approximately  23-percent. 

SMALL  GAS  TURBINE  TRENDS  AND  CURRENT  RESEARCH  ACTIVITIES 

Recent  trends  in  small  gas  turbine  design  and  performance  are  described  in 
this  section.  Also  described  are  research  activities  aimed  at  improving  the 
efficiency  of  engine  components# 

Compressors: 

Compressor  design  trends  during  the  last  5  to  10  years  have  been  towards 
increasing  blade  speed  and  aerodynamic  blade  loading  to  reduce  the  number  of 
stages  and  to  increase  the  overall  compression  system  pressure  ratio;  imple¬ 
menting  tailored  blade  shapes  for  axial  machines;  and  evolving  highly  swept- 
back,  high  tip-speed  centrifugal  blade  designs.  The  highly  swept-back  designs 
have  demonstrated  higher  efficiencies  and  increased  stall  margin  at  peak  effi¬ 
ciency  point  operation.  These  performance  improvements  have  been  achieved 
through  the  evolution  and  extensive  use  of  advanced  aerodynamic  and  structural 
codes.  State-of-the-art  efficiencies  of  current  compressors  are  shown  in  Figure 
14.  This  figure  also  shows  the  fall-off  in  efficiency  with  size.  The  NASA/Army 
advanced  compressor  technology  goal  is  also  shown  on  the  figure. 

Major  thrusts  of  the  current  NASA/Army-AVSCOM  compressor  research  program 
are  shown  in  Figure  15.  They  include  higher  pressure  ratios,  increased  effi¬ 
ciency  and  reduced  number  of  stages.  A  recent  major  accomplishment  was  to  quan¬ 
tify  factors  degrading  the  performance  of  centrifugal  compressors  as  flow  size 
is  reduced.  In  the  near  future,  the  detailed  flow  measurements  within  the 
centrifugal  blading  will  be  obtained  for  use  in  developing  and  validating  3-D 
Inviscld  and  viscous  codes.  These  codes  will  then  be  available  for  designing 
compressors  which  minimize  the  losses  associated  with  flow  size. 

The  program  to  quantify  the  degradation  in  performance  as  flow  size  is 
reduced  is  depicted  in  Figure  16.  As  shown,  a  25  Ib/sec  centrifugal  compressor, 
described  in  references  7  and  8,  was  directly  scaled-down  to  a  10  lb/ sec  size. 
The  design  was  also  scaled-down  to  a  2  lb/ sec  compressor.  However,  in  scaling 
to  the  2  Ib/sec  size,  the  blade  thickness  had  to  be  increased  in  order  to  main¬ 
tain  a  structurally  sound  design.  Thus,  to  maintain  a  link  to  the  original 
compressor,  the  2  Ib/sec  compressor  was  then  directly  scaled-up  to  a  10  Ib/sec 
size,  incorporating  the  thicker  blades.  The  three  compressors  were  then  experi¬ 
mentally  evaluated.  Impellers  with  two  relative  blade  surface  roughnesses  were 
also  evaluated  for  the  2  lb/ sec  size. 
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Results  are  summarized  in  Figure  17.  Defined  are  effects  resulting  from 
Reynolds  Number,  shroud  thickness,  blade  thickness,  tip  clearance  and  surface 
finish.  For  reference  purposes,  the  design  Reynolds  Number  for  each  compressor 
is  indicated  along  the  abscissa. 

The  data  presented  in  Figure  17(a)  reflect  that  for  the  directly  scaled  2 
and  10  Ib/sec  compressors,  essentially  the  same  efficiencies  were  achieved  when 
operated  at  the  same  Reynolds  Number.  In  fact,  when  factoring  in  the  impact  of 
different  relative  shroud  thicknesses  between  the  two  machines,  the  efficiencies 
are  identical.  The  effect  of  shroud  thickness  is  reflected  in  Figure  17(e)  for 
the  10  Ib/sec  thin-bladed  configuration.  Shroud  thickness  affects  the  amount  of 
interheating  which  occurs  within  the  compression  process,  which  is  inherently 
Inefficient.  Thus,  this  data  indicates  that  the  scaling  laws  hold  for  directly 
scaled  machines  operated  at  the  same  Reynolds  Number.  The  problem  is  that  the 
Reynolds  Number  changes  with  changes  in  characteristic  length  such  as  blade 
chord;  and  seldom  can  the  relative  surface  finish,  tip  clearance,  blade 
thickness  and  even  shroud  thickness  be  maintained  as  flow  size  ts  reduced.  The 
impact  of  these  parameters  on  performance  is  reflected  in  Figures  17(b)  to 
17(e),  respectively. 

Further  analysis  of  the  data  is  currently  in  process,  and  reports  are  being 
written.  In  addition  to  quantifying  the  scaling  effects,  the  experimental  data 
will  provide  a  basis  for  validating  advanced  mathematical  codes.  These  codes 
will  then  be  used  to  minimize  these  losses.  It  is  also  assumed  that  advanced 
manufacturing  technology  will  minimize  the  adjustments  now  required  when  scaling 
down  to  the  smaller  sizes. 

Turbines; 

The  current  performance  of  small  turbines  and  future  goals  are  shown  in 
figure  18.  The  turbines  are  separated  into  gas  generator  and  power  turbines  due 
to  their  contrasting  characteristics.  Gas  generator  turbines  are  smaller, 
operate  at  high  temperature  and  pressure,  develop  high  work  per  stage,  are 
unshrouded  and  usually  cooled.  Power  turbines  are  larger,  uncooled,  shrouded, 
and  develop  less  work  per  stage.  The  current  technology  is  indicated  by  dashed 
curves  and  include  only  axial  machines,  the  current  in-service  type.  The  solid 
curve,  figure  18(b),  represents  the  goal  for  future  axial  power  turbines. 

Axial  machines  are  expected  to  remain  the  preferred  type  because  of  ease  of 
packaging  behind  the  gas  generator  turbine.  The  goal  for  gas  generator  tur¬ 
bines,  figure  18(a),  is"  represented  by  a  rather  broad  band  and  includes  both 
radial  and  axial  machines.  The  bottom  part  of  the  band  represents  the  goal  for 
axial  turbines  and  the  upper  part  the  near  term  performance  of  radial  turbines. 
The  chief  obstacles  to  the  use  of  radial  turbines  in  rotorcraft  engines  is  not 
their  performance  level,  but  rather  developing  the  technology  to  make  them  com¬ 
pact,  lightweight,  and  able  to  operate  at  much  higher  temperatures.  To 
accomplish  this  requires  improved  high-temperature  alloys,  cooled  radial  rotors 
and,  ultimately,  ceramic  rotors. 

Current  turbine  aerodynamic  design  methods  consist  largely  of  the  use  of 
two  and  three-dimensional  inviscid  computer  codes  with  empirically  determined 
loss  correlations  based  on  stage  loading,  blading  aerodynamic  parameters,  and 
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endwall  effects.  Heat  transfer  calculations  are  generally  made  with  two- 
dimensional  boundary  layer  codes  based  primarily  on  flat  plate  data  and  empiri¬ 
cal  correlations.  This  design  approach  has  provided  efficient  aerodynamic  blade 
shapes  for  many  large  turbines  that  perform  as  predicted.  However,  many 
advanced  designs  and  small  low-aspect  ratio  turbines  have  highly  three- 
dimensional  blade  shapes  with  strong  secondary  flows.  These  flows  cannot  be 
predicted  accurately  with  current  computer  codes  and  consequently  increased 
aerodynamic  losses  and  inaccurate  heat  transfer  calculations  result.  At  pre¬ 
sent,  there  are  uncertainties  as  high  as  35/25-percent  in  gas-side  and  coolant- 
side’heat  transfer  coefficients,  respectively.  This,  in  turn,  can  result  in 
life  prediction  uncertainty  factors  greater  than  ten. 


Recently,  radial  turbines  have  been  given  renewed  emphasis  for  small  engine 
applications  due  to  several  inherent  advantages  they  possess  over  axial  tur¬ 
bines.  Among  these  are:  Improved  packaging  when  mated  with  reverse  flow 
combustors;  higher  work  extraction  per  stage;  greater  aerodynamic  efficiency; 
less  sensitivity  to  tip-clearances;  and  increased  ruggedness.  Technology 
challenges  for  radial  turbines  are  also  formidable,  and  include:  Higher  rotor 
inertia;  less  understanding  of  the  rotor  flow-field;  and  an  almost  total  absence 
of  existing  rotor  cooling  technology,  including  cooled  rotor  fabrication  tech- 
niques# 

Major  thrusts  of  the  NASA/ Army- AVSCOM  turbine  research  program  are  con¬ 
tained  in  Figure  19.  Both  axial  and  radial  turbines  are  being  studied:  Major 
emphasis,  however,  is  being  placed  on  radial  turbine  research.  Emphasis  is  also 
placed  on  high  temperature  operation.  Highly  efficient  engine  cycles  require 
that  the  turbine  operate  efficiently  up  to  2800°?  average  temperatures  with 
minimal  coolant.  Achieving  these  capabilities  will  come  largely  from: 
Application  of  high  temperature  materials,  especially  composites  and  ceramics;  a 
more  thorough  understanding  of  fluid  behavior  in  turbine  passages,  and  the  con¬ 
comitant  ability  to  predict  this  behavior;  rigorous  computer  codes  for  hot  gas 
convective  coefficient  prediction  arrived  at  through  fundamental  experiments; 
and  experiments  in  near-engine  environments  to  validate  the  advanced  technology. 

An  example  of  turbine  research  currently  underway  is  the  aero  and  struc¬ 
tural  design  of  an  advanced  mixed-flow  ceramic  turbine.  The  mixed-flow  con¬ 
figuration  allows  blading  to  be  used,  which  increases  the  aerodynamic 
efficiency,  while  maintaining  radial  blade  elements,  thus  eliminating  blade 
bending  stresses.  A  new,  advanced  structural  analysis  code  was  developed  and 
used  to  predict  fast  fracture  failure  probability  of  the  monolithic  ceramic 
rotor.  To  date,  the  aerodynamic  and  structural  analyses  of  the  rotor  are 
complete  and  indicate  high  efficiency  and  a  probability  of  survival  of  0.985. 

The  turbine  is  shown  in  Figure  20.  Future  work  will  focus  on  verifying  the 
design  results. 

Other  turbine  research  activities  in  progress  or  recently  completed 
include:  An  experimental  program  to  determine  the  performance  of  variable 

geometry  radial  turbines;  small  axial  turbine  scaling  studies;  performance  and 
code  verification  for  high-work,  high-temperature  radial  turbines;  and  a  compre¬ 
hensive  investigation  of  the  performance  and  heat  transfer  of  a  cooled  radial 
rotor. 
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Combustors; 


Major  combustion  concerns  of  the  1970' s  and  early  1980' s  aimed  at  gaseous 
emissions  control  and  usage  of  alternative  fuels  have  abated  considerably  by  the 
mid-1980's.  However,  many  combustion  problems  remain,  especially  for  small  com¬ 
bustors  operating  at  aggressive,  fuel-efficient  cycles.  Problems  areas  are  sum¬ 
marized  in  Figure  21.  An  especially  serious  problem  is  liner  cooling  and 
durability.  Small  combustor  liners  require  proportionately  more  coolant  due  to 
their  increased  surface  to  volume  ratios,  compared  to  large  combustors.  State- 
of-the-art  small  combustors,  for  example,  can  require  up  to  30-percent  of  the 
combustor  airflow  for  cooling.  At  advanced  cycle  conditions  of  increased  tem¬ 
perature  and  pressure,  heat  loads  to  the  liners  will  increase,  coolant  tem¬ 
peratures  will  also  increase  and  the  amount  of  coolant  available  will  decrease. 
More  air  will  be  required  for  combustion  and  mixing.  Recuperative/ 
regenerative  cycles  impose  their  own  unique  combustion  problems  in  that  coolant 
air  temperatures  are  further  increased.  Another  significant  size  related  com¬ 
bustion  problem  is  fuel  injection,  due  to  proportionately  smaller  passages  which 
are  subject  to  clogging.  Current  trends  are  to  replace  pressure  atomizing 
nozzles  with  air  blast  designs.  These  contain  larger  passages  but  impose  addi¬ 
tional  problems  of  poorer  spray  quality  at  low  power  and  off-design  conditions. 

Major  thrusts  of  the  NASA/Army-AVSCOM  combustion  research  program  are  con¬ 
tained  in  Figure  22.  The  overall  objective  of  evolving  the  combustor  technology 
required  for  advanced,  fuel-efficient  cycle  operation  can  be  realized  by: 
Increasing  the  temperature  and  pressure  operating  capability  of  the  combustor, 
including  achieving  higher  temperature  rises;  reducing  or  eliminating  air 
coolant  requirements;  and,  simultaneously  improving  combustor  durability  and 
reliability. 

Small  gas  turbines  incorporate  a  variety  of  combustor  types.  Several  of 
these  are  shown  on  Figure  22.  Axial  flow  designs  are  large  combustors  scaled 
down  in  size.  As  their  name  implies,  flow  is  directly  through  the  combustion 
system.  This  design  minimizes  combustor  surface  area  but  can  produce  somewhat 
higher  pressure  loss  and  somewhat  less  uniform  exit  temperature  distributions 
than  the  other  designs  shown.  Reverse  flow,  or  flowback  combustors,  are  unique 
to  small  engine  designs.  They  are  often  selected  for  application  because  they 
package  well  in  small  engines.  However,  they  incorporate  large  combustor  sur¬ 
face  areas  as  well  as  a  reverse  turn,  which  must  also  be  cooled.  Radial  outflow 
combustors  approximate  the  reverse  flow  type.  These  combustors  often  eliminate 
the  need  for  fuel  injectors  by  introducing  fuel  through  the  engine  shaft. 

Research  activities  currently  underway  are  applicable  to  all  three  com¬ 
bustor  types.  An  example  of  combustion  research  in  progress  is  contained  in 
Figure  23.  Advanced  ceramic  matrix  liner  concepts  were  evolved,  applied  to  a 
full-size  combustor  and  performance  evaluated  at  simulated  pressure  ratio  con¬ 
ditions  to  22:1.  The  liner  incorporated  a  thick  yttria-stablized  zirconia 
coating  on  a  pliable  metallic  surface.  Details  are  contained  in  reference  9. 

Only  backside  convective  cooling  was  supplied.  Direct  injection  of  film/ 
transpiration  coolant  into  the  combustor,  mandatory  for  current  technology 
designs,  was  not  required.  Good  short-term  durability  was  demonstrated  to 
outlet  temperatures  exceeding  2600°F.  This  is  at  least  300°F  hotter  than 
current  cycle  requirements.  Measured  liner  temperatures  were  less  than  1600°F, 
which  is  well  within  design  limits.  For  comparative  purposes,  liner  wall  tem¬ 
perature  for  the  ceramic  matrix  liner,  as  well  as  conventional  liner  design, 
are  included  on  the  figure. 
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FIGURE  2 
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FIGURE  9:  ALLISON  MISSION  ANALYSIS  RESULTS 
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FIGURE  14:  COlVIPRESSOR  EFFICIENCY 


COMPRESSOR  EXIT  CORRECTED  FLOW,  Ibs/sec 
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FIGURE  17  scaled  CENTRIFUGAL  COMPRESSOR  PROGRAM  RESULTS 
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REYNOLDS  NUMBER 


FIGURE  18:  TURBINE  EFFICIENCY 
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TURBINE  INLET  CORRECTED  FLOW.  Ibs/sec. 


FIGURE  20:  MIXED-FLOW  TURBINE 


'(a)  Flow  Path 


(b)  Structural  Analysis 
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THE  CONVERTIBLE  ENGINE:  A  DUAL-MODE  PROPULSION  SYSTEM 


FOR  ADVANCED  ROTORCRAFT 
Jack  G.  McArdle 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


SUMMARY 

A  variable  inlet  guide  vane  (VIGV)  convertible  engine  that  could  be  used 
to  power  future  high-speed  rotorcraft  was  tested  on  an  outdoor  stand.  The 
engine  ran  stably  and  smoothly  in  the  turbofan,  turboshaft,  and  dual  (combined 
fan  and  shaft)  power  modes.  In  the  turbofan  mode  with  the  VIGV  open,'  fuel 
consumption  was  comparable  to  that  of  a  conventional  turbofan  engine.  In  the 
turboshaft  mode  with  the  VIGV  closed,  fuel  consumption  was  higher  than  that  of 
present  turboshaft  engines  because  power  was  wasted  in  churning  fan-tip  air¬ 
flow.  In  dynamic  performance  tests  with  a  specially  built  digital  engine 
control  and  using  a  waterbrake  dynamometer  for  shaft  load,  the  engine  responded 
effectively  to  large  steps  in  thrust  command  and  shaft  torque.  Previous 
mission  analyses  of  a  conceptual  X-wing  rotorcraft  capable  of  400-knot  cruise 
speed  were  revised  to  account  for  more  fan-tip  churning  power  loss  than  was 
originally  estimated.  The  new  calculations  confirm  that  using  convertible 
engines  rather  than  separate  lift  and  cruise  engines  would  result  in  a  smaller, 
lighter  craft  with  lower  fuel  use  and  direct  operating  cost. 


INTRODUCTION 

A  convertible  engine  can  produce  turbofan  thrust,  turboshaft  power,  or  any 
combined  thrust  and  shaft  power  continuously  while  operating  up  to  full  speed. 
Convertible  engines  could  be  used  to  power  vertical/short-takeof f-and-landing 
(V/STOL)  airplanes  and  advanced  high-speed  rotorcraft  such  as  those  shown  in 
figures  1  and  2.  Studies  of  conceptual  high-speed  rotorcraft  (fig.  3)  have 
shown  that  using  convertible  engines  rather  than  separate  engines  for  rotor 
power  and  forward  thrust  affords  installation  advantages  and  can  save  as  much 
as  16  percent  in  fuel  and  20  percent  in  direct  operating  cost  (refs.  1  and  2). 
For  rotorcraft  a  convertible  engine  would  operate  as  a  turboshaft  engine  to 
drive  a  lifting  rotor  for  vertical  and  low-speed  horizontal  flight,  and  as  a 
turbofan  engine  to  produce  thrust  for  high-speed  horizontal  flight.  For  a  jet- 
powered  V/STOL  airplane  the  convertible  feature  could  be  used  to  cross-couple 
the  fans  in  a  two-engine  configuration  for  safety  in  case  one  engine  should 
fail. 


In  a  convertible  engine  the  power  turbine  drives  both  the  fan  and  an  out¬ 
put  shaft  connected  to  some  other  load.  Total  turbine  power  is  just  the  sum 
of  the  powers  absorbed  by  all  the  loads;  therefore  any  turbine  power  over  that 
needed  by  the  fan  is  available  at  the  power  output  shaft.  Maximum  turbine 
power  is  limited  by  cycle  temperature  (fuel  flow)  and  speed.  For  high  thrust 
the  shaft  load  is  reduced  or  decoupled,  as  by  releasing  a  clutch.  When  shaft 
power  is  required,  the  fan  is  unloaded  aerodynamical ly.  Two  general  methods 
have  been  devised  to  unload  the  fan  (ref.  3).  One  method  is  based  on  variable- 
pitch  fan  blades  -  fan  power  is  reduced  as  the  pitch  is  made  "flatter."  This 
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method  has  been  demonstrated  1n  tests  of  engines  such  as  QCSEE  (ref.  4),  Q-fan 
(ref.  5),  and  Astafan  (tested  successfully  as  a  convertible  engine  In  a  U.S. 
Army  Research  and  Technology  Laboratories  test  program).  The  other  method  Is 
based  on  variable  Inlet  guide  vanes  (VIGV)  that  can  be  deflected  to  change  fan 
airflow  and  Inflow  swirl  -  fan  power  Is  reduced  as  the  vanes  are  closed.  This 
method  has  been  demonstrated  In  fan  research  tests  (ref.  6)  and  1n  tests  of  a 
h1gh-bypass-rat1o  turbofan  engine  with  no  output  shaft  power  (ref.  7). 

Recognizing  the  potential  Installation  and  performance  advantages  of  con¬ 
vertible  engines,  the  Defense  Advanced  Research  Project  Agency  (DARPA)  and  the 
National  Aeronautics  and  Space  Administration  (NASA)  have  joined  1n  a  Convert¬ 
ible  Engine  System  Technology  (CEST)  Program  to  establish  the  feasibility  of 
the  convertible  engine  concept.  This  program  Is  intended  to  expand  basic 
technology,  to  generate  design  criteria,  and  to  provide  data  and  experience 
applicable  to  engines  and  controls  for  future  convertible  propulsion  systems. 
The  program  Includes  defining  requirements  for  convertible  engine  systems  and 
evaluating  an  engine  type  that  could  be  used  on  advanced  rotorcraft  such  as 
the  X-wIng  (refs.  8  and  9),  the  Advancing  Blade  Concept  (ABC),  and  the  folding 
tilt  rotor  (refs.  10  and  11,  In  which  use  of  a  new  torque  converter  was 
proposed  to  uncouple  the  fan  for  shaft-only  power).  The  experimental  work 
described  In  this  report  was  done  at  NASA  Lewis.  The  engine  was  a  TF34-400B 
(8000-lb-thrust  class)  turbofan  modified  to  a  VIGV  convertible  engine.  The 
tests  were  performed  on  an  outdoor  test  stand  with  a  waterbrake  dynamometer 
used  for  the  shaft  load.  For  some  tests  a  new  digital  electronic  system  was 
used  to  control  engine  speed  and  variable-geometry  actuators.  The  test  objec¬ 
tives  were  to  demonstrate  operation  of  this  type  of  convertible  engine  In  the 
turbofan,  turboshaft,  and  dual  (combined  fan  and  shaft)  power  modes  and  to 
evaluate  the  effects  of  the  new  and  modified  components  on  performance  through 
Internal  flow  path  measurements. 

The  tests  Included  steady-state  and  dynamic  performance  tests  plus  engine 
response  to  simulated  aircraft  maneuvers  such  as  takeoff  and  X-wIng  conversion 
between  fixed-  and  rotary-wing  flight.  The  engine  tests  are  summarized  In  this 
paper  by  showing  typical  results  at  selected  operating  conditions.  (Detailed 
results  and  a  more  thorough  discussion  of  the  steady-state  tests  are  given  In 
ref.  12.)  In  addition,  some  of  the  conclusions  of  a  previous  mission  analysis 
study  are  reviewed  on  the  basis  of  calculations  made  with  measured  convertible 
engine  performance  Instead  of  the  original  analytically  predicted  performance. 


APPARATUS  AND  PROCEDURE 
Engine 

The  test  engine  was  a  previously  used  TF34-400B  especially  modified  by  the 
manufacturer  as  sketched  In  figure  4.  The  standard  TF34  Is  a  6:1  bypass  ratio 
turbofan  that  can  produce  9100  1b  of  sea-level-static  thrust.  The  single-stage 
fan  is  driven  by  a  four-stage  low-pressure  turbine.  The  core  has  a  14-stage 
axial  compressor,  an  annular  combustor,  and  a  two-stage  high-pressure  turbine. 

The  engine  modifications,  shown  In  more  detail  In  figure  5,  were  made  by 
using  as  many  existing  parts  as  feasible.  The  resulting  configuration,  called 
the  CEST  TF34,  was  not  meant  to  be  a  production  engine.  The  fan  was  unloaded 
aerodynamical ly  by  deflecting  part-span  VIGV  to  change  the  rate  and  swirl  angle 
of  the  flow  entering  the  fan  tip.  The  vanes  are  "part  span"  because  they  reach 
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only  from  the  outer  wall  to  the  core/bypass  flow  splitter  and  thus  have  little 
effect  on  core  flow.  When  the  vanes  are  deflected,  the  fan  air  load  Is  reduced 
and  the  power  turbine  can  drive  an  external  load  through  the  power  output 
shaft. 

Each  of  the  major  modifications  Is  described  In  the  following  paragraphs. 
For  additional  detail,  consult  references  12  and  13. 

Variable  Inlet  guide  vanes.  -  A  set  of  30  vanes  was  Installed  Just  ahead 
of  the  fan  rotor  to  unload  the  fan  In  the  turboshaft  power  mode.  Each  vane 
consisted  of  a  fixed  forward  strut  and  a  movable  rear  flap.  The  flaps  were 
deflected  together  by  a  hydraulic  actuator  system. 

Flow  splitter.  -  The  core/bypass  flow  splitter  was  extended  forward  to  the 
VI6V  to  minimize  core  inlet  flow  distortion  from  the  deflected  VI6V. 

Fan  blades.  -  Full-chord  shrouds,  continuing  the  core/bypass  flow 
splitter,  were  added  to  the  standard  TF34  fan  blades.  The  shrouds  were  hollow 
to  reduce  weight,  and  contained  seals  to  minimize  leakage  between  the  hub  and 
tip  flows.  In  addition,  the  hub  airfoil  shape  was  changed  to  Improve  pumping 
performance  In  the  low-aspect-ratio  passage  formed  by  the  hub/splitter  annulus. 

Variable  exit  guide  vanes.  -  A  set  of  44  variable  exit  guide  vanes  (VEGV) 
replaced  the  same  number  of  standard  TF34  exit  stator  vanes  in  the  fan-tip 
(bypass)  flow.  Deflection  of  the  new  vanes  by  hydraulic  actuators  was  sched¬ 
uled  to  VIGV  deflection  to  prevent  stall  buffetting  at  high  VIGV  closure  such 
as  was  encountered  In  previous  tests  of  a  similar  configuration  (ref.  7). 

Bleed  valve.  -  A  core/bypass  bleed  valve  was  Installed  In  the  flow  split¬ 
ter  behind  the  VEGV  to  Improve  the  fan-hub/core-engine  flow  match  at  low-power 
operation.  The  valve  was  a  sllding-ring  valve  moved  by  three  actuators  evenly 
spaced  around  the  core  engine. 

Shaft  extension.  -  The  power  output  shaft  extended  forward  from  the  fan 
disk.  The  extension  Included  a  flexible  coupling  and  bearings  supported  by 
spider  struts  built  Into  the  Inlet  ducting. 


Control  Systems 

For  the  CEST  TF34,  fan  speed  and  thrust  were  controlled  by  the  engine 
control  system,  and  shaft  torque  (power)  was  controlled  by  the  waterbrake 
torque  control . 

Engine  control  system.  -  A  new  digital  control  system  (described  In 
ref.  14)  was  supplied  with  the  engine.  The  system  worked  together  with  the 
standard  TF34  fuel  control  In  two  operating  modes. 

(1)  In  the  "shaft"  mode  the  digital  system  varied  the  VIGV  (open  loop)  to 
match  the  thrust  command  Input  and  adjusted  the  fuel  to  hold  the  fan  speed 
steady  (closed  loop)  as  the  output  shaft  torque  changed. 

(2)  In  the  "thrust"  mode  the  digital  system  locked  the  VIGV  In  the  fully 
open  position  and  controlled  the  fan  speed  to  a  preprogrammed  schedule  (open 
loop)  to  match  the  thrust  command  Input. 
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In  both  modes  the  control  also  adjusted  the  VEGV  and  the  bleed  valve  to  posi¬ 
tions  determined  from  Internally  programmed  schedules. 

Waterbrake  torque  control .  -  The  waterbrake  torque  control  system  adjusted 
the  power  output  shaft  torque  (closed  loop)  to  match  the  torque  command  Input. 
Control  was  accomplished  by  positioning  the  exit  flow  valve  to  vary  the  water 
annulus  level  In  the  waterbrake.  The  water  throughflow  rate,  and  thus  the 
water  temperature  rise,  was  set  by  sizing  the  Inlet  flow  valve. 

The  excellent  performance  of  the  waterbrake  and  Its  control  Is  Indicated 
by  its  response  to  a  large  torque  command  step  (fig.  6).  The  exit  flow  valve, 
driven  by  a  large  hydraulic  actuator  and  a  high-response  electrohydraullc 
servovalve,  moved  fast  enough  to  change  torque  at  a  rate  of  more  than 
12  000  ft-lb/sec.  For  the  test  shown  the  engine  fuel  flow  was  fixed  (nominally 
constant  engine  power)  and  the  water  Inlet  valve  was  of  maximum  size.  For 
smaller  Inlet  valve  openings  the  torque  changed  at  a  lower  rate  because  the 
water  annulus  filled  more  slowly.  The  Initial  dead  time  In  torque  response  may 
have  been  caused  by  an  unexplained  flow  effect  within  the  waterbrake;  Its  pres¬ 
ence  caused  no  problems  In  the  tests  reported  herein  but  might  limit  other 
types  of  control  transient  testing  that  can  be  done  successfully  with  this  type 
of  power  absorber. 


Test  Facility  and  Engine  Installation 

The  engine  was  tested  on  an  outdoor  static  test  stand  at  the  NASA  Lewis 
Research  Center  (fig.  7).  The  separate-flow  exhaust  nozzles  were  standard  TF34 
nonadjustable  nozzles.  The  power  output  shaft  was  supported  by  a  pedestal  just 
1n  front  of  the  bellmouth  and  then  connected  to  the  waterbrake.  A  honeycomb 
screen  flow  stralghtener  was  located  at  the  bellmouth.  The  honeycomb  caused  up 
to  2-percent  total-pressure  loss  but  reduced  Inlet  distortion  that  might  have 
been  caused  by  the  shaft  support  pedestal.  The  residual  distortion  near  the 
fan  face.  Indicated  by  the  conventional  gradient  parameter  (Maximum  total 
pressure  -  Minimum  total  pressure)/Average  total  pressure,  was  only  about 
0.5  percent. 

Total-pressure  rakes,  wall-pressure  orifices,  thermocouples,  load  cells, 
fuel  flowmeters  (both  turbine  and  beam  types),  and  other  conventional  Instru¬ 
mentation  transducers  were  used  to  measure  steady-state  engine  operation  and 
Internal  flow  path  performance.  Because  transient  engine  changes  were  slow 
enough  that  the  necessary  transducers  could  follow  the  changes  satisfactorily, 
no  special  dynamic  performance  Instrumentation  was  required.  A  photoelectric 
scanner  (ref.  15)  was  used  to  monitor  fan-blade-tip  motions  for  possible  aero- 
mechanical  Instability. 


Procedure  and  Data  Recording 

Steady-state  tests.  -  The  steady-state  tests  were  performed  with  the 
engine  running  at  constant  referred  speed.  The  engine  VIGV,  VEGV,  and  bleed 
valve  positions,  plus  the  waterbrake  torque,  were  adjusted  manually  as  desired. 
Performance  data  were  averaged  from  several  (usually  20)  scans  through  the 
instrumentation  list.  Computed  results  are  referred  to  the  engine  Inlet  plane 
just  ahead  of  the  VIGV. 
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Dynainic  tests.  -  Some  of  the  dynamic  tests  were  performed  with  the  engine 
control  in  the  thrust  mode,  but  most  were  performed  in  the  shaft  mode  because 
that  mode  is  more  typical  of  rotorcraft  operation.  After  steady-state  data 
were  taken  to  define  the  transient  end  points,  the  transient  was  performed 
with  thrust  command  to  the  engine  control  and  torque  command  to  the  waterbrake 
torque  control.  Both  commands  were  generated  by  programmable  facility  con¬ 
trollers.  The  commands  and  selected  performance  data  were  recorded  on  magnetic 
tape  and  later  digitized  or  played  back  on  strip  charts  for  analysis. 


CEST  TF34  TEST  RESULTS  AND  DISCUSSION 

The  test  results  presented  in  this  report  were  obtained  on  an  outdoor 
static  test  stand  and  are  referred  (corrected)  to  sea-level-static,  standard- 
day  conditions  at  the  engine  inlet.  Symbols  used  in  this  report  are  defined 
in  an  appendix. 


Steady-State  Tests 

Data  are  shown  for  a  referred  fan  speed  NFr  of  90  percent,  and  are 
representative  of  performance  for  speeds  of  70  to  100  percent.  Complete  test 
results  are  contained  in  reference  12. 

Thrust  and  shaft  power.  -  When  the  engine  is  running  with  no  output  shaft 
power,  it  is  said  to  be  operating  in  the  turbofan  mode;  when  it  is  running  at 
limiting  power-turbine  inlet  temperature  T4.5r^L,  in  the  turboshaft  mode; 
when  it  is  running  with  both  thrust  and  shaft  power,  in  the  dual  power  mode. 

As  shown  in  figure  8,  at  constant  referred  fan  speed  the  shaft  power  in 
the  turboshaft  mode  was  greatest  with  the  VIGV  closed.  As  the  limiting  power- 
turbine  inlet  temperature  T4.5r  l  was  reduced  by  decreasing  fuel  flow  at 
any  fixed  VIGV  position,  the  engine  produced  less  shaft  power  when  running  in 
the  dual  power  mode,  but  the  thrust  was  reduced  only  slightly  because  the  fan- 
tip  flow  and  the  speed  were  the  same.  In  the  turbofan  mode  the  thrust  was 
highest  with  the  VIGV  open.  Although  the  thrust  decreased  as  the  VIGV  closed, 
thrust  never  went  to  zero.  Residual  thrust  was  mainly  from  the  core  engine. 

The  engine  was  stable  as  speed,  output  shaft  power,  and  any  of  the  variable 
engine  hardware  settings  were  changed.  It  ran  smoothly  in  all  modes,  except 
for  a  small  region  of  fan-tip  aeromechanical  instability  at  high  VIGV  closure 
and  high  fan  speed.  The  instability  is  not  considered  to  be  a  problem  in  a 
new  VIGV  type  of  convertible  engine.  Instability  could  be  avoided  by  designs 
which  either  reduce  the  blade-tip  aspect  ratio  or  include  part-span  shrouds  or 
dampers. 

The  success  of  these  tests,  the  first  for  a  VIGV  convertible  engine  run¬ 
ning  in  the  dual  power  mode,  demonstrated  that  this  type  of  engine  is  suitable 
for  applications  needing  both  thrust  and  shaft  power. 

Power  balance.  -  When  the  VIGV  were  closed,  the  fan  was  unloaded  by 
changing  the  tip  airflow  and  the  inflow  swirl.  In  the  turboshaft  mode  as  the 
VIGV  were  closed,  airflow  fell  off  until  at  full  closure  it  was  reduced  by 
90  percent  (fig.  9).  By  design,  some  throughflow  remained  with  the  VIGV  closed 
in  order  to  cool  fan-stage  parts  heated  by  churning.  The  fan-hub  power  was 
essentially  constant  as  the  airflow  changed  (fig.  10)  because  the  speed  was 
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steady  and  because  the  bleed  valve  was  opened  to  keep  hub  flow  constant  at  low 
power.  The  tip  power  fell  off  as  the  VI6V  were  closed  to  about  60  percent  and 
then  remained  the  same  for  further  closure.  The  constant  tip  power,  in  view 
of  the  decreasing  tip  airflow,  indicates  worsening  compression  efficiency  and 
more  power  lost  in  churning  the  tip  airflow.  With  fully  closed  VIGV  the  tip 
wasted  23  percent  of  the  turbine  power  in  churning.  Reduction  in  the  churning 
loss  would  add  to  available  shaft  power.  However,  churning  losses  as  large  as 
those  measured  on  the  CEST  TF34  may  not  be  detrimental  for  high-speed  rotor- 
craft  applications  in  which  engine  size  is  determined  by  the  thrust  needed  for 
cruise  flight.  As  an  example  the  power  requirement  for  a  conceptual  X-wing  is 
shown  in  figure  11.  In  rotary-wing  flight  this  aircraft  would  use  only 
30  percent  of  the  power  that  it  needs  for  high-speed,  horizontal,  fixed-wing 
flight.  An  engine  having  performance  like  the  CEST  TF34  could  easily  meet  this 
requirement. 

Another  way  to  view  engine  behavior  is  to  consider  a  power  balance  for  the 
engine  running  at  constant  fan  speed  in  the  dual  power  mode  with  partially 
closed  VIGV.  A  typical  power  balance  for  this  type  of  operation  is  shown  in 
figure  12.  Both  the  fan-hub  and  fan-tip  powers  were  nearly  constant  as  shaft 
power  was  raised  (fig.  12)  because  both  of  those  powers  depend  on  speed  and 
VIGV  closure.  Turbine  power  went  up  with  shaft  power,  and  T4.5r^L  rose  as 
fuel  was  added  to  provide  this  power.  The  turbine  and  hub  powers’are  easily 
computed  from  component  maps  and  cycle  computer  programs.  When  the  tip  power 
is  computed  (using  known  methods  at  open  VIGV)  or  estimated  (closed  VIGV),  the 
power  balance  is  complete  and  engine  performance  is  defined. 

As  discussed  previously,  the  tip  churning  power  loss  is  dependent  on  air¬ 
flow  and  compression  efficiency.  Because  of  instrumentation  limitations  the 
efficiency  reported  in  figure  13  is  based  on  fan-inlet  and  fan-nozzle  measure¬ 
ments  and  thus  includes  the  pressure  loss  in  the  bypass  ducting.  With  open 
VIGV  the  efficiency  was  good  and  was  close  to  the  value  predicted  analytically 
by  the  engine  manufacturer.  As  the  VIGV  were  closed,  efficiency  fell  to  nearly 
zero.  The  poor  efficiency  at  high  closure  seems  to  be  related  to  unusual  fan 
airflow  behavior.  During  testing  it  was  observed  that  the  fan  pumped  air 
radially  outward  when  the  VIGV  were  closed  past  about  75  percent,  resulting  in 
flow  concentration  along  the  fan-case  wall  and  leading  to  high  turbulence  and 
recirculation  in  the  duct  behind  the  fan  stage  (ref.  12).  The  poor  efficiency 
produced  high  tip  outflow  temperatures  -  values  as  high  as  1.5  times  the  inlet 
temperature  (as  much  as  a  250  deg  F  rise)  were  measured. 

Fan  research  tests  reported  in  reference  6  were  done  with  a  VIGV/fan 
rotor/VEGV  different  from  the  CEST  TF34  design.  Several  differences  from  the 
CEST  performance  were  measured,  including  significantly  lower  churning  power 
loss  with  closed  VIGV.  The  lower  loss  was  obtained  with  the  VEGV  closed  also 
(not  done  with  CEST),  but  the  rotor-exit  temperature  reached  almost  500  “F. 
Better  understanding  of  fan  flow  behavior  with  closed  VIGV  might  lead  to 
designs  that  successfully  reduce  flow  and  churning  loss  without  thermal  or 
mechanical  problems. 

Specific  fuel  consumption.  -  For  high-speed  rotorcraft  cruise  flight  a 
convertible  engine  would  be  run  in  the  turbofan  mode  at  low  VIGV  closure  to 
produce  high  thrust,  and  thrust  specific  fuel  consumption  (SFC)  would  be  most 
important.  The  test  results  (fig.  14)  show  that  for  this  type  of  operation  the 
thrust  SFC  was  very  nearly  the  same  as  that  for  the  unmodified  engine.  The 
reason  was  that  the  only  significant  change  in  fuel  use  came  from  the  inlet 
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pressure  loss  across  the  VIGV,  which  was  small.  The  large  rise  in  SFC  at  high 
VIGV  closure  was  due  to  low  thrust  rather  than  to  a  sudden  increase  in  fuel 
flow. 


In  the  turboshaft  mode  only  the  output  shaft  power  is  used  to  compute 
power  SFC.  Because  most  of  the  fuel  is  used  to  produce  thrust  at  low  VIGV 
closure,  the  power  SFC  is  very  high.  A  convertible  engine  probably  would  not 
be  operated  in  this  way  just  to  produce  power;  therefore  the  poor  power  SFC  is 
of  no  real  interest.  As  the  VIGV  were  closed,  more  of  the  turbine  power  went 
to  the  shaft  load,  and  the  power  SFC  Improved.  The  best  power  SFC  was  obtained 
with  fully  closed  VIGV,  but  it  was  still  not  as  good  as  that  of  modern  shaft 
engines  mainly  because  of  tip  churning  loss.  These  characteristics  probably 
would  be  acceptable  for  a  high-speed  rotorcraft  in  which  high  shaft  power 
normally  is  needed  only  during  takeoff  and  landing.  For  aircraft  in  which 
hover  is  a  large  portion  of  the  mission,  the  convertible  engine  would  use 
significantly  more  fuel  than  a  conventional  shaft  engine. 

In  the  dual  power  mode  the  definition  of  SFC  is  complicated  because  there 
is  no  general  way  to  apportion  total  fuel  between  thrust  and  shaft  power. 
Describing  engine  performance  in  terms  of  power-turbine  SFC  or  block  fuel  used 
during  a  particular  manuever  or  mission  would  be  satisfactory. 

Noise.  -  Far-field  noise  was  measured  with  conventional  microphones.  The 
noise  spectra  were  dominated  by  tones  at  the  fan-blade  passing  frequency  (BPF) 
and  its  harmonics.  The  tone  noise  generally  decreased  as  the  VIGV  were  closed, 
as  shown  in  figure  15  for  the  front  hemisphere.  The  tone  power  was  reduced 
8  db  for  77-percent  VIGV  closure  (reduced  to  one-sixth  its  open-VIGV  level). 

The  overall  power  (OASPWL)  was  reduced  also,  but  not  as  much  as  the  tone  power. 
Similar  results  were  obtained  for  the  noise  in  the  rear  hemisphere.  To  an 
observer,  the  noise  changed  from  a  loud  whining  tone  with  the  VIGV  open  (high¬ 
speed  cruise  operation)  to  a  jet-like  sound  with  much  less  discernible  tones 
when  the  VIGV  were  closed. 

The  dominant  tones  at  open  VIGV  were  caused  by  the  design  of  the  CEST 
TF34  engine.  It  was  a  mature  turbofan  modified  for  research,  and  did  not 
include  features  commonly  used  now  to  reduce  noise.  In  a  new  convertible 
engine  the  tone  noise  could  be  lessened  by  increasing  the  spacings  between  the 
fan  blades  and  the  VIGV  and  VEGV  vanes,  and  by  choosing  the  numbers  of  vanes 
and  blades  to  cut  off  spinning  acoustic  modes  inside  the  engine. 


Dynamic  Tests 

The  dynamic  tests  were  performed  using  the  digital  engine  control  system 
to  control  the  VIGV,  the  VEGV,  and  the  bleed  valve  and  to  hold  fan  speed  con¬ 
stant  when  the  engine  was  run  in  the  shaft  control  mode. 

Simulated  rotorcraft  maneuvers.  -  The  engine  was  commanded  to  provide  the 
estimated  thrust  and  shaft  power  requirements  at  constant  fan  speed  for  several 
rotorcraft  maneuvers  (fig.  16).  The  requirements  came  from  the  X-wing  study  of 
reference  8  and  included  a  takeoff  with  sufficient  "thrust"  for  vector  control. 
The  X-wing  conversion  requirements  were  based  on  the  same  study  but  modified  to 
account  for  loss  of  engine  thrust  due  to  inlet  momentum  at  conversion  speed. 

The  resulting  transient  exercised  the  engine  over  the  same  core  engine  changes 
as  conversion  at  5000-ft  altitude  and  250  knots.  All  the  tests,  except  gust 
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response,  were  done  with  control  anticipation.  The  engine  responded  stably  and 
effectively  in  every  test  (table  I). 

Thrust-step  response.  -  Engine  response  (fig.  17)  to  a  large  thrust- 
command  step  was  much  quicker  in  the  shaft  control  mode  (speed  constant;  VIGV 
changing)  than  in  the  thrust  control  mode  (VIGV  locked;  speed  changing)  because 
the  fan  did  not  have  to  accelerate.  The  data  suggest  that  the  response  was 
limited  only  by  the  VIGV  slewing  rate.  This  attribute  would  be  useful  for 
thrust  vector  control  but  might  require  large  actuators. 

The  dead  time  (~50  msec)  between  command  input  and  VIGV  action  can  be 
partially  explained  by  hysteresis  from  mechanical  wear  in  the  VIGV  actuation 
system  and  by  digital  data  synchronization  in  the  engine  control  system. 

Further  investigation  of  this  dead  time  was  not  possible  within  the  scheduled 
test  period. 

Torque-step  response.  -  The  engine  responded  effectively  to  a  large 
torque  change  (fig.  18).  The  waterbrake  fulfilled  the  torque  command  in 
1.5  seconds.  Anticipation  circuits  in  the  engine  control  gave  an  initial  fuel 
surge  that  caused  overtorque  in  the  power  turbine  and  a  consequent  increase  in 
speed.  Then  the  speed  control  reacted  to  reduce  fuel,  resulting  in  speed 
droop.  The  speed  overshoot  was  2.6  percent,  and  the  droop  was  5.8  percent. 
These  variations  are  within  a  range  comparable  to  that  of  modern  production 
shaft  engines.  The  overshoot  could  be  reduced  by  optimizing  the  anticipation 
circuitry  gain,  and  the  droop  could  be  minimized  by  optimizing  the  fuel/speed 
loop  gain. 


MISSION  ANALYSIS  UPDATE 

Previous  mission  analyses  (e.g.,  refs.  1,  2,  10,  and  11)  have  shown  that 
convertible  engines  have  installation  and  cost  advantages  over  separate  engines 
for  lift  and  cruise  in  high-speed  rotorcraft.  Because  these  studies  were  done 
before  convertible-engine  test  data  were  available,  performance  was  based  on 
analytical  predictions.  In  this  section  some  of  the  comparisons  in  the  X-wing 
studies  of  reference  2  are  updated  with  appropriate  CEST  TF34  test  data.  The 
new  results  confirm  that  convertible  engines  are  better  than  separate  engines 
but  that  the  improvement  in  some  areas  is  not  as  great  as  originally  predicted. 

Mission  and  aircraft.  -  The  X-wing  aircraft  envisioned  in  reference  2  was 
a  48-passenger  offshore  oil  rig  crew  transport.  The  baseline  design  and  the 
economic  missions  analyzed  are  shown  in  figure  19.  Propulsion  was  provided  by 
two  turboshaft  engines  for  rotary-wing  flight  plus  two  turbofan  engines  for 
climb  and  cruise  or  by  two  VIGV  convertible  engines.  All  engines  contained 
advanced  technology  features  and  were  sized  for  sea-level  hover  with  one  lift 
engine  inoperative.  This  amount  of  power  enabled  400-knot  cruise  speed  at 
30  000-ft  altitude.  (The  combined  ability  of  one-engine  hover  and  high-speed, 
high-altitude  cruise  is  characteristic  of  X-wing  and  other  low-disk-loading 
rotorcraft,  as  illustrated  in  fig.  11.) 

Characteristics  of  the  aircraft  and  the  separate  and  convertible  engines 
considered  in  the  study  are  given  in  table  II.  With  the  convertible  engines 
the  craft  is  smaller  and  lighter  because  all  the  engines  are  about  the  same 
size,  and  only  two  engines  are  needed  in  contrast  to  four  separate  engines. 

The  predicted  churning  loss  shown  in  the  middle  row  was  only  about  half  the 
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power  estimated  by  scaling  CEST  TF34  data  on  the  basis  of  open-VIGV  fan-tip 
power  at  the  same  fan  speed.  The  last  row  in  table  II  shows  the  performance 
of  convertible  engines  enlarged  to  account  for  the  revised  churning  loss.  To 
provide  the  same  hover  capability  as  the  study  engines,  the  revised  engines 
have  about  12  percent  more  turbine  power  and  are  scaled  to  be  10  percent 
heavier.  The  additional  engine  weight  and  fuel  were  counteracted  by  reducing 
the  payload  by  four  passengers.  Thus  the  aircraft  with  revised  engines  has  the 
same  takeoff  gross  weight  and  fuel  reserve  capability  as  the  study  aircraft. 
This  approach  simplified  the  calculations  and  enabled  better  comparison  with 
the  study  results.  Also,  it  was  assumed  that  the  fans  in  the  revised  engines 
were  larger  to  take  advantage  of  the  extra  power  available  with  open  VIGV, 
giving  a  proportional  thrust  increase  and  higher  cruise  speed. 

Fuel  use.  -  For  one-engine-inoperative  (OEI)  hover  the  convertible  engine 
with  VIGV  closed  uses  less  fuel  than  the  separate  engines  (fig.  20)  because  the 
gross  weight  is  less,  even  though  the  SFC  is  higher.  For  normal  takeoff  the 
advantage  disappears  because  the  SFC  for  the  convertible  engines  is  increased 
further  as  churning  losses  are  doubled  (same  rotor  speed  and  both  engines  now 
operating  with  closed  VIGV  with  each  having  the  same  churning  loss  as  the  work¬ 
ing  engine  in  the  OEI  case),  but  total  shaft  power  is  about  the  same.  In 
cruise  the  SFC  is  practically  the  same  for  each  propulsion  system  (fig.  14(a)), 
but  as  described  previously  the  smaller  craft  with  convertible  engines  cruises 
at  higher  speed.  The  block  fuel  used  for  the  whole  economic  mission  (fig.  19) 
is  about  11  percent  less  with  the  revised  convertible  engines.  This  is  not  as 
good  as  the  16  percent  result  in  reference  2  for  the  convertible  engines  with 
lower  churning  losses. 

Direct  operating  cost.  -  Comparison  of  direct  operating  cost  (DOC) 

(fig.  21)  is  based  on  data  from  reference  2,  but  fuel  costs  were  reduced  to  be 
more  representative  of  expected  1990' s  costs  and  total  DOC  was  increased  for 
inflation  since  the  study  was  made  several  years  ago.  As  mentioned  previously, 
the  X-wing  with  revised  convertible  engines  was  assumed  to  carry  37  instead  of 
41  passengers  in  order  to  keep  the  same  aircraft  weight  and  reserve  capability. 
Even  with  the  lower  payload  the  revised  convertible-engine  case  showed 
12  percent  improvement  over  separate  engines  due  to  lower  block  fuel,  less 
expensive  airframe,  fewer  engines,  and  reduced  maintenance. 


CONCLUDING  REMARKS 

A  convertible  engine  using  variable  inlet  guide  vanes  (VIGV)  to  unload  the 
fan  aerodynamically  was  successfully  tested  on  an  outdoor  test  stand  at  the 
NASA  Lewis  Research  Center.  The  tests  demonstrated  that  this  type  of  engine 
could  be  used  for  propulsion  of  new  high-speed  rotorcraft  needing  both  thrust 
and  shaft  power.  The  engine  might  also  be  used  to  cross-couple  the  fans  of  a 
two-engine  V/STOL  aircraft,  but  the  controls  and  dynamics  for  that  application 
were  not  tested. 

In  the  steady-state  tests  the  engine  was  operated  in  the  turboshaft, 
turbofan,  and  dual  (combined  fan  and  shaft)  power  modes.  The  engine  ran 
smoothly  except  for  a  small  region  at  high  VIGV  closure  and  high  fan  speed 
where  fan-tip  aeromechanical  instability  was  found;  otherwise,  it  was  stable 
as  speed,  shaft  power,  and  any  of  the  variable  hardware  settings  were  changed. 
This  instability  is  not  considered  to  be  a  big  problem  for  a  new  engine  and 
could  be  avoided  by  changes  in  blade  design. 
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For  rotorcraft  propulsion  the  engine  would  be  used  in  the  turboshaft  or 
the  dual  power  mode  to  drive  a  rotor  for  takeoff  and  low-speed  flight.  If 
thrust  during  takeoff  is  low,  the  VIGV  would  be  closed  and  the  engine  fuel 
consumption  would  be  about  25  percent  more  than  that  of  a  turbofan  engine 
running  at  the  same  core  power  level.  The  additional  fuel  is  needed  because 
power  is  wasted  in  churning  and  heating  the  tip  airflow  with  the  VIGV  closed. 
The  wasted  power  is  not  detrimental  to  rotorcraft  having  engines  sized  for 
high-speed  cruise,  such  as  the  X-wing,  because  the  installed  power  would  be 
great  enough  to  permit  one-engine  inoperative  (OEI)  hover  at  sea  level. 

In  high-speed  cruise  flight  the  engine  would  be  operated  in  the  turbofan 
mode  with  the  VIGV  open  (or  nearly  open)  to  produce  thrust  or  in  dual  power 
mode  if  shaft  power  is  also  needed  for  auxiliary  equipment  such  as  a  compressor 
for  X-wing  blowing.  The  engine  fuel  consumption  would  be  comparable  to  that  of 
a  conventional  turbofan  engine  because  the  only  change  in  fuel  use  comes  from 
the  inlet  pressure  loss  across  the  VIGV.  The  loss  is  small  when  the  VIGV  are 
nearly  open. 

In  dynamic  performance  tests  with  a  specially  built  digital  engine  control 
system  and  using  a  waterbrake  dynamometer  for  shaft  load,  the  engine  easily 
handled  large  torque  and  thrust  command  steps,  as  well  as  simulated  flight 
maneuvers.  The  fastest  thrust  step  was  made  by  changing  the  VIGV  closure  at 
constant  fan  speed;  in  this  control  mode  the  response  seems  to  be  limited  only 
by  the  VIGV  slewing  rate  and  would  be  useful  for  thrust  vector  control.  During 
a  large  torque  step  the  speed  droop  was  5.8  percent,  which  is  comparable  to  the 
droop  shown  by  production  turboshaft  engines.  Simulated  takeoff,  X-wing  con¬ 
version,  and  collective  pitch  change  maneuvers  were  performed  successfully  with 
control  anticipation,  and  response  to  a  simulated  gust  load  was  performed 
successfully  without  anticipation. 

When  the  analysis  of  an  X-wing  capable  of  OEI  sea-level  hover  and  400-knot 
cruise  at  30  000-ft  altitude  was  revised  to  account  for  higher  churning  power 
loss,  the  required  engine  power  increased  by  about  12  percent.  With  the  larger 
engines  the  improvement  in  block  fuel  use  and  direct  operating  cost  over  that 
for  separate  lift  and  thrust  engines  was  11  and  12  percent,  respectively. 

These  results  were  calculated  for  a  mission  requiring  engine  operation  with 
closed  VIGV  mainly  during  takeoff  and  landing;  improvement  would  be  less  if  the 
mission  included  additional  hover  time,  and  more  if  the  fan-tip  churning  power 
loss  was  reduced. 

Engine  performance  was  predictable  with  conventional  analytical  techniques 
and  computer  cycle  programs,  except  for  the  fan-tip  churning  power  loss  with 
the  VIGV  closed.  The  experimental  data  showed  about  twice  the  power  loss 
expected  in  a  previous  study,  probably  because  of  unusual  fan-stage  flow 
behavior  at  high  VIGV  closure.  Other  reported  test  results  measured  less 
churning  loss  with  a  VIGV/fan  rotor/VEGV  different  from  the  CEST  design;  how¬ 
ever,  rotor-exit  temperature  was  very  high.  Better  understanding  of  fan  flow 
behavior  with  closed  VIGV  might  lead  to  reduction  of  churning  loss  without 
other  problems. 
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APPENDIX  -  SYMBOLS 


F  engine  gross  thrust, 1  lb 

Fr  referred  engine  gross  thrust,^  F/4 

NF  fan,  power-output-shaft,  and  power-turbine  speed,  percent  of  rated 

speed 

NFr  referred  fan,  power-output-shaft,  and  power-turbine  speed, 

NF/  6,  percent  of  rated  speed 

PWSD  output  shaft  power,  hp 

PWSDr  referred  output  shaft  power,  PWSO/6  e 

T  temperature,  “R 

T4.5  power-turbine  inlet  total  temperature,  °R 

T4.5r  referred  power-turbine  inlet  total  temperature,  T4.5/(e)0-®^ 

T4.5r  l  upper  limit  of  power-turbine  inlet  total  temperature  for  standard 
TF34  engine,  “R 

WA12  fan-tip  airflow,  Ib/sec 

WA12r  referred  fan-tip  airflow,  WA12  6/6 

WF  fuel  flow  rate,  Ib/hr 

WFr  referred  fuel  flow  rate,  WF/66 

6  ratio  of  pressure  to  14.696  psi 

e  ratio  of  temperature  to  518.7  ®R 

^Called  “gross  thrust"  because,  by  convention  with  the  TF34  engine,  the 
reported  thrust  is  net  (measured  in  test  stand)  thrust  plus  calculated  core 
cowling  scrubbing  drag. 
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TABLE  I.  -  CEST  TF34  ENGINE  RESPONSE  TO  SIMULATED  ROTORCRAFT 


MANEUVERS  SHOWN  IN  FIGURE  15 


Maneuver 

Command 

time, 

sec 

Shaft  power 

Thrust 

Speed 

overshoot, 

percent 

Speed 

droop, 

percent 

Time  from  start  to 
reach  95  percent 
of  level, 
sec 

Takeoff 

1.8 

2.2 

3.6 

5.1 

Takeoff  wUh 
maximum  vector 
control 

1.8 

2.1 

2.6 

1.4 

5.2 

Collective  pitch 

1.0 

1.0 

1.0 

3.5 

2.7 

Unanticipated 

gust 

.15 

.5 

.5 

1.3 

0 

X-wing  conversion 

18.0 

(a) 

(a) 

0 

0 

^Fol lowed  commands. 
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DOC  GAIN  OVER  SEPARATE  ENGINES,  BLOCK  FUEL  GAIN  OVER 

PERCENT  SEPARATE  ENGINES, 


CONVERTIBLE  ENGINE 


I  I  ADVANCING  BLADE  CONCEPT  (REF.  2) 

X-WING  (REF.  2) 

FOLDING  TILT  ROTOR  WITH 


FIGURE  3.  -  DIRECT  OPERATING  COST  (DOC)  AND 
BLOCK  FUEL  GAINS  WITH  CONVERTIBLE  ENGINES. 
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REFERRED  OUTPUT  SHAFT  POWER 

REFERRED  FAN-TIP  AIRFLOW,  WA12p,  PERCENT  PWSDr,  PERCENT 


FIGURE  10.-  POWER  BALANCE  IN  TURBOSHAFT  NODE.  REFERRED  FAN 
SPEED.  NFp.  90  PERCENT. 


0  100  200  300  *100  500 

SPEED,  KN 

FIGURE  11.-  POWER  REQUIRED  FOR  CONCEPTUAL  X-WING  AIR¬ 
CRAFT.  (FROM  REF.  9.)  SEA-LEVEL  STANDARD  CONDITIONS. 
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FAN-TIP  EFFICIENCY,  percent  POWER  REFERRED  TO  ENGINE  INLET,  PERCENT 

_  OF  TURBINE  POWER  IN  TURBOSHAFT  NODE 


OUTPUT  SHAFT  POWER,  PWSDj^,  PERCENT 

FIGURE  12.-  TYPICAL  POWER  BALANCE  IN  DUAL  POWER  MODE.  REFERRED 
FAN  SPEED,  NFj^,  90  PERCENT;  VIGV  CLOSURE,  42  percent. 


FIGURE  13.-  FAN-TIP  ADIABATIC  COMPRESSION  EFFICIENCY  BASED  ON 
FAN-INLET  AND  FAN-EXHAUST  NOZZLE  MEASUREMENTS.  REFERRED  FAN 
SPEED,  NFg,  90  percent. 
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RATIO  OF  SF 


(A)  THRUST  SFC  IN  TURBOFAN  MODE. 


(B)  SHAFT  POWER  SFC  IN  TURBOSHAFT  MODE.  POWER  FOR  UNMODIFIED 
ENGINE  IS  POWER  DRIVING  BYPASS  FLOW  THROUGH  FAN  TIP. 

FIGURE  1^1.-  SEA-LEVEL  STATIC  SPECIFIC  FUEL  CONSUMPTION  (SFC). 
REFERRED  FAN  SPEED,  NFn,  90  PERCENT. 


RELATIVE  POWER  IN  FORWARD  HEfllSPHERE,  dB 


FIGURE  15.  -  STANDARD-DAY,  FREE-FIELD,  100-FT-RADIUS  NOISE 
POWER  IN  FORWARD  HEMISPHERE.  REFERRED  FAN  SPEED,  NF,^, 

94  PERCENT. 
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CONTROL 

MODE 


120 

80 


SHAFT 


i 


TIME,  SEC 

FIGURE  17.  -  ENGINE  RESPONSE  TO  LARGE  THRUST  COMMAND  STEPS  IN 
SHAFT  AND  THRUST  CONTROL  MODES.  CONSTANT  POWER  OUTPUT  SHAFT 
TORQUE;  FINAL  REFERRED  SHAFT  POWER,  PWSDj^,  21  PERCENT;  FINAL 
REFERRED  FAN  SPEED,  NFj^,  ~95  PERCENT.  RATIOS  SHOWN  AS  PER¬ 
CENT  OF  FINAL  VALUES. 
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TORQUE  COMMAND  TORQUE  RATIO,  FUEL  RATIO,  FAN  SPEED 
PERCENT  PERCENT  RATIO, 

PERCENT 


TIME,  SEC 

FIGURE  18.-  ENGINE  REPSONSE  TO  LARGE  POWER  OUTPUT  SHAFT  TORQUE 
CHANGE.  ENGINE  CONTROL  IN  SHAFT  MODE;  VIGV  CLOSURE,  77  PER¬ 
CENT;  REFERRED  FAN  SPEED,  NFj^,  AT  END  OF  TRANSIENT,  95  percent. 
RATIOS  SHOWN  AS  PERCENT  OF  FINAL  VALUE. 
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RESULTS  OF  NASA/ARMY  TRANSMISSION  RESEARCH 


John  J.  Coy 

Propulsion  Directorate 

U.S.  Army  Research  and  Technology  Activity  -  AVSCOM 
Lewis  Research  Center 
Cleveland,  Ohio  44135 

and 

Dennis  P.  Townsend  and  Harold  H,  Coe 
National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


SUMMARY 

Since  1970  the  NASA  Lewis  Research  Center  and  the  U.S.  Army  Aviation 
Systems  Command  have  shared  an  interest  in  advancing  the  technology  for  heli¬ 
copter  propulsion  systems.  In  particular,  this  paper  outlines  that  portion  of 
the  program  that  applies  to  the  drive  train  and  its  various  mechanical  compon¬ 
ents.  The  major  goals  of  the  program  were  (and  continue  to  be)  to  increase 
the  life,  reliability,  and  maintainability,  reduce  the  weight,  noise,  and 
vibration,  and  maintain  the  relatively  high  mechanical  efficiency  of  the  gear 
train.  Major  historical  milestones  are  reviewed,  significant  advances  in 
technology  for  bearings,  gears,  and  transmissions  are  discussed,  and  the 
outlook  for  the  future  is  presented.  The  reference  list  is  comprehensive. 

INTRODUCTION 

Since  1970  the  NASA  Lewis  Research  Center  and  the  U.S.  Army  Aviation 
Systems  Command  have  shared  an  Interest  in  advancing  the  technology  for  heli¬ 
copter  propulsion  systems.  In  particular,  this  paper  outlines  the  aspect  of 
that  program  that  applies  to  the  drive  train  and  its  various  mechanical 
components . 

The  NASA  Lewis  Research  Center  has  had  a  strong  research  program  for 
aircraft  mechanical  components  since  the  early  1940' s.  A  program  for  rolling 
element  bearing  technology  for  turbine  engine  application  was  built  up  during 
the  1950's  and  1960's.  Since  many  high-bypass  turbine  engines  have  a  geared 
fan,  in  1969  Lewis  began  a  technology  program  for  gear  materials  endurance. 
Meanwhile,  during  the  period  from  the  late  1940's  to  the  late  1960's,  the 
helicopter  came  into  wide  use  as  an  Army  air  mobile  vehicle.  In  1970  the 
common  interest  of  the  Army  and  Lewis  was  recognized.  The  Army  had  a  wide 
spectrum  of  helicopters  in  its  Inventory  along  with  the  requirement  to  in¬ 
crease  their  performance  and  NASA  Lewis  had  established  a  capability  in  mech¬ 
anical  component  research  that  could  be  applied  to  helicopter  transmissions. 

A  joint  program  was  undertaken  in  1970. 

The  major  goals  of  the  program  were  (and  continue  to  be)  to  increase  the 
life,  reliability,  and  maintainability,  reduce  the  weight,  noise,  and  vibra¬ 
tion,  and  maintain  the  relatively  high  mechanical  efficiency  of  the  gear  train. 
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The  purpose  of  this  paper  is  to  review  and  summarize  the  most  significant 
results  of  the  NASA/Army  work  on  helicopter  transmission  technology.  The 
major  historical  milestones  are  reviewed;  significant  advances  in  technology 
for  bearings,  gears,  and  transmissions  are  discussed;  and  the  outlook  for  the 
future  is  presented.  The  reference  list  does  not  include  every  publication 
from  the  research  that  was  completed,  but  it  is  comprehensive  in  that  several 
of  the  cited  references  are  themselves  overview  summary  reports,  and  sources 
of  complete  listings  of  references  at  the  time  of  their  publication  (refs.  1 
to  5). 


PROGRAM  OVERVIEW 
Mechanical  Components  Research 

During  the  1950's  and  1960's  NASA  Lewis  conducted  research  programs  in 
mechanical  components.  Special  attention  was  directed  to  bearings,  seals, 
shafting,  and  lubricants  for  gas  turbine  engines,  and  space  applications  such 
as  generators  and  launch  vehicle  components.  Gear  research  began  at  NASA 
Lewis  late  in  the  1960's  and  the  Gear  Fatigue  Test  Rigs  were  constructed.  The 
work  on  gearing  concentrated  on  materials  and  lubricants  investigations  and 
established  a  unique  data  base  to  be  used  for  life  prediction  in  aviation 
applications.  In  1970  the  Army  Aviation  Propulsion  Laboratory  of  the  Aviation 
Systems  Command  (AVSCOM)  was  established  at  NASA  Lewis,  and  a  joint  NASA/Army 
program  in  mechanical  components  was  initiated. 

NASA  Helicopter  Transmission  Program 

In  1977  NASA  began  a  6-yr,  7  million  dollar  program  for  helicopter  trans¬ 
mission  research  for  civilian  and  military  helicopters.  The  program  was 
coordinated  with  the  Army  and  supported  goals  for  major  advances  for  trans¬ 
missions  in  the  following  categories  (fig.  1):  (1)  Life,  Reliability,  and 

Maintainability,  (2)  Weight,  and  (3)  Noise  and  Vibration. 

Significant  achievements  were  made  in  advancing  mechanical  component  and 
transmission  system  technology  in  the  ensuing  6  yr.  Advanced  gear  materials 
and  lubricants  were  identified,  unique  test  facilities  for  mechanical  compon¬ 
ents  and  transmissions  were  constructed,  a  baseline  of  current  technology  was 
established,  and  existing  designs  were  studied  to  determine  power  densities. 
Advanced  technology  for  materials,  lubricants,  and  components  were  integrated 
into  an  upgraded  design  for  the  OH-58  transmission  to  demonstrate  the  benefits 
inherent  in  such  an  approach.  In  addition,  advanced  transmission  concepts 
were  explored  including  traction  drive,  self-aligning  bearingless  planetary, 
and  split  torque.  Several  of  those  transmissions  were  built  for  test  and 
evaluation  using  the  NASA  Lewis  test  stands. 

During  the  6-yr  program  on  transmissions,  an  effort  was  begun  in  develop¬ 
ing  computer  programs  for  component  and  system  analysis  for  transmissions. 

The  technical  advances  are  discussed  later  in  this  paper. 

Current  and  Future  Direction 

Presently,  the  NASA  program  in  helicopter  transmission  is  emphasizing 
noise  reduction  technology.  There  is  a  small  base  effort  in  gearing 
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technology,  consisting  mainly  of  in-house  research  projects  in  lubrication, 
cooling,  and  materials.  The  noise  reduction  program  is  discussed  in  a  compan¬ 
ion  paper  presented  in  the  session  on  helicopter  noise. 

An  in-house  and  university  grant  effort  continues  to  develop  computer 
programs  for  analysis  and  design  of  transmission  systems.  The  unique  facil¬ 
ities  and  hardware  resulting  from  the  6-yr  program  are  being  used  to  collect 
data  to  validate  existing  computer  codes  and  subroutines  for  transmission 
system  analysis  is  being  assembled.  The  goal  is  to  develop  a  comprehensive 
computer  program  library  for  transmission  system  modeling  (fig.  2). 

An  Important  new  Initiative  in  transmissions  by  the  Army  will  be  conducted 
through  the  Propulsion  Directorate,  Aviation  Research  and  Technology  Activity 
(ARTA).  A  5-yr  program  will  begin  in  1987  to  develop  advanced  concept  demon¬ 
strator  transmissions  for  two  categories  of  helicopters,  the  Advanced  Cargo 
Helicopter  (ACA),  and  the  Future  Attach  Rotorcraft  (FAX).  The  program  will 
parallel  the  concept  offered  by  engine  demonstrator  programs,  and  provide  a 
way  for  the  industry  to  develop  advanced  concepts  and  designs  well  in  advance 
of  critical  needs.  This  is  the  first  demonstrator  program  for  transmissions. 

By  request  of  the  Assistant  Secretary  of  the  Army  for  Research,  Development, 
and  Acquisition,  the  program  will  address  the  issues  of  weight,  noise,  and 
reliability.  The  goals  are  to  reduce  weight  by  25  percent,  noise  by  10  dB,  and 
increase  the  meantime  between  removals  (MTBR)  to  5000  hr.  The  transmission 
program  will  build  on  the  strong  technology  base  from  the  joint  NASA/Army 
programs  as  well  as  NASA's  noise  reduction  research. 


SIGNIFICANT  TECHNICAL  ADVANCES 
Transmission  Data  Base  Established 

An  extensive  data  base  has  been  established  for  two  sizes  of  helicopter 
transmissions  (refs.  6  to  10).  The  Army's  UH-60  Blackhawk  transmission 
(fig.  3)  has  been  run  in  the  NASA  Lewis  test  stand  to  determine  thermal, 
vibration,  stress,  and  efficiency  information  for  a  matrix  of  operating  condi¬ 
tions.  Figure  4  shows  the  measured  efficiency  as  a  function  of  input  power, 
rotor  speed,  and  oil  inlet  temperature.  This  information  is  being  used  to 
compare  with  computer  code  predictions  for  code  validation  and  to  provide  a 
baseline  from  which  to  assess  the  promised  advantages  of  future  designs  and 
concepts.  Information  of  a  similar  nature  and  purpose  was  collected  for  the 
OH-58  transmission.  The  NASA  Lewis  test  stands  are  currently  operational  and 
available  for  use  in  experimental  transmission  work. 

Gear  Materials  Technology 

The  heavy  load  and  speed  condition  of  helicopters  and  turboprop  gearing 
require  materials  that  have  high  strength  and  improved  fatigue  life  at  ele¬ 
vated  temperatures.  Several  advanced  gear  materials  and  processes  have  been 
evaluated  and  they  show  promise  for  Improved  transmission  (refs.  11  to  13). 

Figure  5  shows  the  fatigue  life  obtained  with  four  advanced  materials  or 
processes  in  comparison  with  baseline  AISI  9310  gear  steel.  In  each  case  a 
life  improvement  resulted. 
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The  standard  AISI  9310  gear  fatigue  life  was  Improved  by  60  percent 
(fig.  5)  through  shot  peening  of  the  gear  flanks  (ref.  11).  The  shot  peening 
Increased  the  subsurface  residual  compressive  stress  resulting  In  Increased 
surface  fatigue  life. 

Three  high  temperature  materials  have  been  evaluated  for  surface  life  and 
endurance  at  heavy  test  load  and  moderate  speed  conditions.  The  CBS  600 
material  maintains  Its  hot  hardness  to  500  *F  and  has  shown  an  Improved  fa¬ 
tigue  life  over  that  for  AISI  9310  (ref.  12).  The  CBS  600  has  good  fracture 
toughness  and  Is  a  good  gear  material  for  aircraft  use. 

The  Vasco  X-2  material  retains  Its  hardness  to  600  ®F  and  has  shown 
Improved  fatigue  life  over  AISI  9310  when  It  has  been  heat  treated  under  very 
closely  controlled  conditions  (ref.  12).  Because  the  Vasco  X-2  has  a  high 
chromium  content  It  Is  very  difficult  to  carburize  and  harden  which  means  that 
high  standards  of  quality  control  are  required  for  aircraft  applications.  It 
also  has  a  modest  fracture  toughness  and  can  be  subject  to  tooth  breakage, 
precipitated  at  a  fatigue  spall. 

The  EX-53  gear  material  has  shown  the  largest  Improvement  In  fatigue  life 
(ref.  13).  It  has  a  fatigue  life  more  than  twice  that  of  AISI  9310  and  has 
very  good  fracture  toughness.  The  EX-53  material  has  a  temperature  limit  of 
450  ®F  which  limits  Its  use  for  some  high  temperature  applications. 

Gear  Lubricant  Evaluation 

Spur  gear  surface  fatigue  tests  were  conducted  with  five  lubricants  using 
a  single  lot  of  consumable-electrode  vacuum  melted  (CVM)  AISI  9310  spur  gears. 
The  gear  were  case  carburized  and  hardened  to  Rockwell  C  60.  The  gear  pitch 
diameter  was  8.89  cm  (3.5  In.).  The  lot  of  gears  was  divided  Into  five  groups, 
each  of  which  was  tested  with  a  different  lubricant.  The  test  lubricants  can 
be  classified  as  either  a  synthetic  hydrocarbon,  mineral  oil,  or  ester-based 
synthetic  lubricant.  All  five  lubricants  have  similar  viscosity  and  pressure- 
viscosity  coefficients.  Test  conditions  Included  a  bulk  gear  temperature  of 
350  K  (170  ®F),  a  maximum  Hertz  stress  of  1.71  GPA  (248  000  psi)  at  the  pitch 
line,  and  a  speed  of  10  000  rpm.  A  pentaerythrltol  base-stock  without  suffi¬ 
cient  antiwear  additives  (lubricant  C)  produced  a  10-percent  surface  fatigue 
life  that  was  approximately  22  percent  that  of  a  pentaerythrltol  base  stock  of 
the  same  viscosity  with  chlorine  and  phosphorus  type  additives  (fig.  4), 

(refs.  14  and  15).  The  presence  of  a  sulfur  type  antiwear  additive  In  the 
lubricant  did  not  appear  to  affect  the  surface  fatigue  life  of  spur  gears  at 
the  conditions  tested.  No  statistical  difference  in  the  10-percent  surface 
fatigue  life  was  produced,  with  four  of  the  five  lubricants  having  similar 
viscosity  and  pressure-viscosity  coefficients  and  various  antiwear  additives. 

These  same  lubricants  and  seven  additional  ones  were  run  In  an  OH-58 
transmission  to  determine  the  effect  of  lubricant  type  on  mechanical  effi¬ 
ciency.  The  efficiency  varied  between  98.3  and  98.8  percent  (ref.  8).  In  a 
separate  study,  the  chemical  and  physical  properties  were  determined  for  the 
11  lubricants  used  (ref.  16). 


772 


Gear  Thermal  Behavior 


Experimental  testing  and  theoretical  analysis  have  been  conducted  to 
determine  optimum  methods  for  gear  lubrication  and  cooling.  High-speed  photo¬ 
graphy  was  used  to  study  oil  jet  impingement  depths  for  into-mesh,  out-of¬ 
mesh,  and  radial  oil  jets  (fig.  7).  These  were  compared  with  analytical 
predictions  of  oil  jet  impingement  depths.  The  analysis  and  tests  show  that 
there  is  limited  impingement  depth  for  into-mesh  and  out-of-mesh  lubrication 
while  radial  jet  lubrication  with  adequate  oil  jet  pressure  can  provide  maxi¬ 
mum  cooling  and  lubrication  for  gears  (refs.  17  to  20).  A  thermal  analysis 
was  also  performed  and  experimental  verifications  made  which  show  the  superior 
effect  of  radial  oil  jet  lubrication  and  cooling. 

Gear  Geometry 

Gear  geometry  has  been  investigated  (refs.  21  to  31).  High  contact  ratio 
gears  were  examined  as  a  means  to  improve  the  surface  fatigue  life,  scoring 
load  capacity,  and  power-to-weight  ratio  of  transmissions.  High  contact  ratio 
gears  (HCRG)  have  at  least  two  pairs  of  teeth  in  contact  at  all  times,  whereas 
standard  (low)  contact  ratio  gears  (LCRG)  have  between  one  and  two  pairs  in 
contact.  Because  the  transmitted  load  is  shared  by  at  least  two  pairs  of 
teeth,  the  individual  tooth  loading  is  less  for  HCRG  than  for  LCRG  designs, 
thereby  enabling  a  higher  power-to-weight  ratio.  HCRG,  however  requires  finer 
pitches,  or  increased  working  depths;  all  of  which  tend  to  increase  the  tooth 
bending  stress.  In  addition,  it  is  expected  that  HCRG  is  more  sensitive  to 
tooth  spacing  errors  and  profile  modifications  because  of  the  simultaneous 
tooth  contacts.  The  basic  problem  to  be  resolved  was  whether  the  lower  tooth 
loads  occurring  in  the  high  contact  ratio  design  more  than  offset  the  effects 
of  the  weakened  tooth  form,  especially  when  run  under  dynamic  load  condi¬ 
tions.  The  investigation  revealed  that  HCRG  designs  have  twice  the  fatigue 
life  of  LCRG  designs  and  slightly  better  scoring  resistance.  Therefore  HCR 
gears  can  significantly  increase  life,  reliability,  and  power-to-weight  ratio 
for  helicopter  transmission  (ref.  22). 

Special  attention  has  been  directed  to  understanding  the  nature  of  the 
contact  zone  between  gear  teeth  (fig.  8)  (refs.  23  to  29).  The  contact  be¬ 
tween  spiral  bevel  gears  has  been  especially  difficult  to  model  because  there 
are  no  equations  with  which  one  may  represent  the  contact  geometry;  it  must  be 
developed  numerically  with  a  computer,  based  on  the  settings  of  the  machine 
used  to  manufacture  the  gears.  The  contact  geometry  is  essential  to  predict¬ 
ing  the  life,  lubrication  effects,  and  stress  for  spiral  bevel  gears.  Kinema¬ 
tic  errors  have  been  Identified  as  a  contributor  to  gear  mesh  vibration 
(ref  23).  Kinematic  errors  are  the  time  varying  deviations  from  a  constant 
gearratio  during  gear  rotation  (fig.  9).  A  method  for  eliminating  these 
errors  has  been  developed  (ref.  28)  but  the  method  still  needs  to  be  verified 
by  experimental  testing.  These  zero  kinematical  error  gears  have  potential 
for  reducing  gear  noise. 

Straight  and  involute  tooth  shapes  have  been  examined  to  determine  the 
effect  of  speed  on  the  stress  and  deflection  of  the  teeth  (ref,  30).  The 
results  of  this  analysis  provide  a  criterion  for  defining  the  high-speed 
regime  of  operation  for  gears,  where  special  analysis  must  be  employed  to 
predict  dynamic  loads.  In  reference  31,  a  procedure  is  given  for  designing 
minimum  noise  gears  (spur  gears),  using  a  novel  frequency  domain  approach. 
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Bearing  Technology 


Progress  in  bearing  technology  is  reported  in  references  32  to  41. 
Advances  in  materials  and  lubrication  techniques  have  increased  speed  capa¬ 
city,  load  capacity,  and  fatigue  life. 

The  development  of  fracture  tough  bearing  steels  has  increased  the  fa¬ 
tigue  life  of  bearings  (refs.  36  and  37).  Without  fracture  tough  steel,  the 
hardened  races  of  the  bearings  are  too  sensitive  to  crack  propagation  from 
fatigue  nucleation  sites.  The  H  50  NIL  steel  (ref.  37)  is  fracture  tough  but 
there  is  a  continuing  need  for  more  corrosion  resistance. 

Lubrication  techniques  have  been  improved  so  that  the  bearing  contacts 
are  not  starved  and  the  bearing  is  properly  cooled.  This  has  lengthened  the 
fatigue  life  and  decreased  wear  as  well  as  increased  cooling  of  the  bearing  to 
enable  high-speed  operation  (refs.  33  and  38  to  41). 

The  design  and  lubrication  of  large  bore  tapered-roller  bearings  for 
operation  at  speeds  up  to  2.4  million  DN  under  combined  radial  and  thrust 
loads  has  been  demonstrated  (ref.  41).  (DN  is  a  speed  parameter  equal  to  the 
product  of  shaft  speed  in  rpm  and  diameter  in  millimeters.)  The  advanced 
bearing  ran  with  less  heat  generation  and  ran  cooler  than  the  baseline  bearing 
to  which  it  was  compared  (fig.  10).  It  was  also  capable  of  higher  speed 
operation — 20  000  rpm  compared  to  15  000  rpm  for  the  baseline  bearing.  In 
fatigue  tests,  four  advanced  bearings  ran  to  24  times  rated  catalog  life 
without  failure. 

Tapered  roller  bearings  offer  advantages  in  reducing  the  total  number  of 
parts  in  a  transmission.  Often,  several  ball  bearings  and  roller  bearings  can 
be  replaced  with  tapered  roller  bearings  (fig.  11).  The  reduction  in  parts 
count  translates  into  increased  reliability,  but  tapered  roller  bearings  are 
sensitive  to  lack  of  adequate  lubrication,  especially  at  the  roller  ends  that 
contact  the  ribs  on  the  races.  Research  continues  on  tapered  roller  bearings 
to  meet  vulnerability  resistance  tests  requiring  30  min  of  operation  after 
loss  of  lubricant. 


Traction  Drive  Technology 

During  the  years  of  the  NASA  Helicopter  Transmission  Technology  program, 
there  was  significant  progress  in  traction  drives  (refs.  3  and  42).  A  modern 
approach  to  life  analysis  was  developed  and  applied  to  test  models  at  NASA 
Lewis  (fig.  12).  Advanced  materials  and  lubricants,  combined  with  accurate 
analysis  and  prediction  methods  for  life,  efficiency,  and  traction  coeffi¬ 
cients  made  it  possible  to  achieve  high  power  transfer  for  experimental 
models.  Traction  drives  are  now  capable  of  transmitting  many  horsepower, 
quietly  and  efficiently.  Investigations  showed  that  multiple,  load-sharing 
contacts  significantly  benefit  torque  capacity  and  drive  life.  Torque  capa¬ 
city  and  drive  life  are  proportional  to  size  to  the  2.8  and  8.4  power,  re¬ 
spectively.  Figure  12(b)  shows  the  parametric  variation  of  life  with  speed, 
torque,  and  power,  where  the  life  adjustment  factors  that  come  from  lubricant 
film  thickness  as  a  function  of  speed  have  been  factored  in. 

The  drive  shown  in  figure  12(a)  was  attached  between  a  gas-turbine  engine 
and  a  power  absorption  dynamometer  and  parametrically  tested  (ref.  42).  Good 
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performance  was  achieved  at  speeds  to  73  000  rpm  and  power  to  180  kW.  The 
peak  efficiency  was  94  to  96  percent,  and  there  was  only  a  3.5  percent  speed 
loss  due  to  creep  (microslip)  of  the  rollers. 


ANALYTICAL  DESIGN  CODES 
Bearing  Codes 

The  NASA/Army  program  has  produced  some  very  useful  computer  programs  for 
designing  and  analyzing  rolling  element  bearings  (refs.  43  to  46).  Generally, 
the  computer  programs  can  predict  performance  characteristics  Including  Hertz 
stress,  load  distribution,  lubrication  film  thickness,  component  kinematics, 
fatigue  life,  heat  generation,  operating  temperature,  and  power  loss  as  a 
function  of  Input  parameters  such  as  bearing  geometry,  speed,  and  load.  The 
programs  permit  better  designs  and  eliminate  much  trial  and  error  testing 
prior  to  selection  of  a  final  design.  The  various  computer  programs  are  for 
particular  types  of  bearings  as  follows: 

(1)  SHABERTH  -  Shaft  bearing  program,  shaft  load,  and  deflection  with  up 
to  five  bearings  (ball,  cylindrical  roller,  tapered  roller)  on  shaft. 

(2)  CYBEAN  -  Cylindrical  roller. 

(3)  PHERBEAN  -  Spherical  roller. 

(4)  PLANETSYS  -  Cylindrical  or  spherical  roller  In  planetary  system. 

All  of  these  programs  are  In  the  public  domain  and  available  through 
COSMIC  (ref.  47). 

A  few  examples  will  Illustrate  some  of  the  capabilities  of  the  bearing 
computer  programs.  In  reference  48  the  computer  program  SHABERTH  was  used  to 
calculate  the  thermal  performance  of  ball  bearings  for  which  sufficient  test 
data  were  available  to  make  a  comparison  over  a  range  of  test  conditions. 

Three  angular-contact  ball  bearings  of  differing  sizes  were  selected.  The 
variables  used  for  comparison  of  experimental  and  calculated  data  were  bearing 
temperatures,  oil  outlet  temperatures,  and  bearing  heat  generation.  The 
predicted  bearing  heat  generation.  Inner  and  outer  race  temperatures,  and  oil 
outlet  temperatures  agreed  very  well  with  the  experimental  data  obtained  from 
three  sizes  of  ball  bearings  (35,  120,  and  167  mm  bores)  over  a  speed  range 
from  1  to  3  million  DN. 

Figure  13  shows  the  comparisons  as  a  function  of  shaft  speed  for  the 
120  mm  bore  bearing.  The  solid  and  dashed  lines  refer  to  two  different 
assumptions  for  the  amount  of  lubricant  that  enters  the  bearing  cavity. 
Lubricant  was  supplied  to  the  bearing  cavity  by  feed  holes  at  the  split  line 
of  the  Inner  race  and  to  the  running  lands  of  the  Inner-race-riding  cage.  It 
was  assumed  that  the  minimum  volume  of  oil  In  the  cavity  would  result  If  none 
of  the  lubricant  directed  to  the  lands  ever  entered  the  bearing  cavity, 
leaving  the  oil  entering  at  the  split  line  as  the  only  source  feeding  the 
bearing  cavity.  At  most  It  was  assumed  that  only  half  of  the  lubricant  sup¬ 
plied  to  the  cage  lands  could  enter  the  cavity,  hence  the  dashed  lines  and 
solid  lines  are  an  estimated  maximum  and  minimum  condition  with  respect  to 
volume  of  oH  In  the  bearing  cavity. 
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In  figure  13(d),  the  solid  symbols  represent  power  loss  that  was  deter¬ 
mined  from  a  heat  balance  calculation  on  the  oil  flowing  through  the  bearing. 
The  open  symbols  represent  power  loss  calculated  by  measuring  the  power  used 
by  the  drive  motor  and  subtracting  a  small  amount  of  estimated  tare  loss.  It 
Is  reported  In  reference  48  that  the  first  method  Is  the  most  accurate  experi¬ 
mental  method.  Therefore,  the  solid  symbols  represent  the  better  experimental 
measurements  of  power  loss  and  the  calculated  power  losses  agrees  well  with 
the  experimental  data. 

The  good  agreement  of  experimental  and  calculated  data  verifies  the 
capability  of  computer  program  SHABERTH  to  calculate  the  thermal  performance 
for  ball  bearings. 

Computer  program  CYBEAN  was  used  to  calculate  the  thermal  performance  of 
a  118  mm  bore  cylindrical  roller  bearing  with  shaft  speeds  to  3  million  DN 
(25  000  rpm),  radial  loads  to  8900  N  (2000  lb),  and  total  lubricant  flow  rates 
to  0.0102  rn^/mln  (2.7  gal/mln).  The  calculations  compared  to  the  experi¬ 
mental  data  are  shown  In  figure  14  (ref.  49). 

Computer  program  PLANETSYS  can  simulate  the  thermo-mechanical  performance 
of  a  multistage  planetary  transmission,  Including  spherical  roller  bearings. 
SPHERBEAN  can  make  calculations  for  outer-ring  rotation  and  misalignment  such 
as  found  In  planetary  transmission  applications.  These  programs  are  useful 
for  helicopter  transmission  applications  where  severe  performance  demands  are 
placed  on  bearings  that  require  analysis  for  outer  ring  rotation,  for  nonlub- 
rlcated  operation  (dry  friction)  and  for  transient  thermal  performance. 
SPHERBEAN  and  PLANETSYS  calculations  were  compared  to  data  from  parametric 
tests  and  loss-of-lubricant  tests  for  an  OH-58  transmission  (ref.  50).  Using 
both  programs,  calculations  of  temperatures  at  the  output  shaft  and  trans¬ 
mission  case  agreed  with  the  data  within  1-percent  difference  for  steady-state 
operating  conditions.  Calculations  to  simulate  the  loss  of  lubricant  compared 
well  with  data  from  an  actual  loss-of  lubricant  test  on  an  OH-58  transmission 
(fig.  15). 


Gear  Codes 

Analyses  and/or  computer  codes  have  also  been  developed  for  gears  to 
provide  the  following  types  of  calculations  (refs.  51  to  65):  (1)  power  loss 

and  efficiency,  (2)  bevel  gear  contact  geometry,  (3)  gear  dynamic  analysis, 

(4)  weight  minimization,  (5)  life  prediction,  (6)  lubrication,  and  (7)  tem¬ 
peratures. 

Figure  16  shows  results  of  power  loss  calculations  for  high  contact  ratio 
gears  compared  to  low  contact  ratio  gears  for  two  different  sizes.  The  ana¬ 
lytical  method  was  developed  from  many  existing  methods  and  empirical  data. 

It  Includes  effects  of  sliding  friction,  elastohydrodynamic  lubricant  film 
thickness,  windage,  and  rolling  resistance,  using  this  method,  the  power  loss 
and  efficiency  of  spur  gears  and  aircraft  gear  boxes  may  be  predicted 
(refs.  51  and  52). 

Computer  program  TELSGE  (ref.  53)  calculates  dynamic  loads,  lubrication 
film  thickness,  stress,  and  temperature  for  spur  gears.  A  similar  program  was 
developed  for  spiral  bevel  gears  (ref.  54).  Figure  17  (ref.  65)  shows  a 
sample  calculation  produced  by  TELSGE.  The  dynamic  load  Is  caused  by  the 
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Interaction  of  the  tooth  stiffness  and  the  mass  of  the  gear.  The  figure 
compares  the  calculated  dynamic  load  with  the  static  load  which  is  the  load 
for  very  slow  rotation  of  the  gears. 

Gear  dynamic  analysis  computer  programs  have  been  developed  for  epicyclic 
gear  systems  (refs.  55  to  57). 

Program  PGT  (ref.  55)  calculates  dynamic  loads  in  a  simple  planetary 
assembly  with  three  planet  gears.  A  special  feature  of  PGT  is  the  deter¬ 
mination  of  orbit  motion  for  a  floating  sun  gear. 

The  epicyclic  gear  program  (refs.  56  and  57)  is  a  multiple  mesh/single 
stage,  gear  dynamics  program.  It  is  a  versatile  gear  tooth  dynamic  analysis 
computer  program  which  determines  detailed  geometry,  dynamic  loads,  stresses 
and  surface  damage  factors.  The  program  can  analyze  a  variety  of  both  epi¬ 
cyclic  and  single  mesh  systems  with  spur  and  helical  gear  teeth  including 
internal,  external,  and  buttress  tooth  forms.  The  program  includes  options 
for  flexible  carrier  or  flexible  ring  gear,  a  floating  sun  gear,  a  natural 
frequencies  option,  and  a  finite  element  compliance  formulation  for  helical 
gear  teeth.  The  program  can  also  determine  maximum  tooth  loads  as  a  function 
of  speed  which  is  useful  for  critical  speed  analysis.  Figure  18  is  a  typical 
output  of  the  program  showing  the  sun  planet  dynamic  loads  for  nine  teeth 
passing  through  the  contact  zone. 

At  high  speed,  an  important  effect  is  the  interaction  of  the  gear  tooth 
load  with  the  mass  and  stiffness  of  the  tooth  itself.  A  computer  code  was 
developed  to  predict  these  effects  (ref.  58).  A  computer  code  was  also  de¬ 
veloped  to  consider  the  effect  on  dynamic  load  of  the  drive  shaft  stiffness 
and  inertia  of  the  connected  loads  (ref.  59). 

Figure  19  shows  the  result  of  analysis  for  weight  minimization 
(ref.  60).  The  problem  was  to  determine  the  effect  on  weight  of  design  param¬ 
eters  such  as  numbers  and  pitch  of  gear  teeth.  The  weight  of  a  spur  gear  pair 
is  related  to  the  center  distance  (fig.  19(a));  the  smaller  the  center  dis¬ 
tance,  the  lighter  the  weight  and  for  military  applications,  the  smaller  the 
size,  the  smaller  is  the  vulnerability.  The  study  produced  a  design  chart 
(fig.  19(b))  which  gives  the  allowable  number  of  teeth  on  the  pinion  as  a 
function  of  diametral  pitch.  Diametral  pitch  is  the  number  of  teeth  per  inch 
of  diameter  and  is  a  measure  of  size.  Smaller  teeth  have  a  large  pitch  num¬ 
ber.  The  two  design  parameters  cannot  be  selected  without  examining  the 
limitations  which  are  the  criterion  for  pitting  fatigue  failure,  bending 
failure  and  scoring.  There  is  a  geometry  limitation  also— involute  interfer¬ 
ence,  which  is  when  the  pinion  teeth  are  badly  undercut  and  involute  action  is 
lost.  The  figure  shows  that  there  is  an  allowed  region  for  design  (shaded 
area).  The  line  C  is  the  locus  of  designs  which  all  have  the  same  center 
distance,  arrived  at  by  different  combinations  of  teeth  number  and  pitch.  The 
slope  of  the  line  is  equal  to  the  center  distance.  The  minimum  center  dis¬ 
tance  design  is  on  the  lowest  sloped  line  that  has  at  least  one  point  Inside 
the  shaded  region. 

Figure  20  shows  results  for  life  analysis  of  a  planetary  gear  trans¬ 
mission.  The  analysis  is  based  on  rigorous  statistical  methods  and  is  imple¬ 
mented  in  an  interactive  computer  program  (refs.  61  to  64).  The  program  can 
analyze  a  variety  of  configurations  composed  of  spiral  bevel  gear  meshes 
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and  planetary  gear  meshes.  Spiral  bevel  reductions  may  have  single  or  dual 
input  pinions  and  gear  shafts  can  be  straddle  mounted  or  overhung  on  the 
support  bearings.  The  planetary  reduction  has  the  sun  gear  as  input,  the 
planet  carrier  as  output,  and  the  ring  gear  fixed.  The  planet  gears  may  be 
plain  or  stepped  and  the  number  of  planets  may  vary.  The  program  determines 
the  forces  on  each  bearing  and  gear  for  a  given  transmission  configuration  and 
loading.  The  life  of  each  bearing  and  gear  is  determined  using  the  fatigue 
life  model  appropriate  to  that  component.  The  transmission  system  life  is 
determined  from  the  component  lives  using  Weibull  statistical  methods.  The 
transmission  life  at  a  given  reliability  can  then  be  found  as  shown  in 
figure  20. 

The  life  analysis  has  been  integrated  with  a  dynamic  analysis  (using 
computer  program  TELSGE),  to  determine  the  effect  of  speed  on  gear  life 
(ref.  65).  Figure  21  shows  the  result  of  the  analysis,  where  the  dynamic 
factor,  Cy,  represents  the  relative  change  in  life  due  to  dynamic  loads. 

The  static  load,  when  applied  in  a  quasi-static  load  cycle  to  the  gear,  will 
give  a  certain  life  which  should  be  multiplied  by  Cy  to  get  the  life  under 
dynamic  load.  There  is  a  significant  increase  in  life  at  speeds  above  the 
torsional  natural  frequency  of  the  gear  drive,  up.  Reference  65  gives 
design  charts  that  may  be  used  to  calculate  gear  life  for  dynamic  load 
conditions . 


ADVANCED  TRANSMISSION  DESIGN  CONCEPTS 

Based  on  the  experimental,  analytical,  and  design  studies  conducted  under 
the  transmission  technology  program,  some  advanced  transmission  concepts  were 
evolved:  The  advanced  500  HP  transmission  (fig.  22),  the  bearingless  plane¬ 
tary  (fig.  23),  the  traction/gear  hybrid  transmission,  (fig.  24),  and  the 
split  torque  transmission  (fig.  25). 

Advanced  500  HP  Transmission 

The  design  emphasis  for  the  NASA/Bell  Helicopter  Textron  (BHT)  500  HP 
advanced  technology  demonstrator  transmission  (fig.  22)  was  placed  on  design¬ 
ing  a  500  HP  version  of  the  0H-58C,  317  HP,  transmission  that  would  have  a 
long,  quiet  life  with  a  minimum  increase  in  the  cost,  weight,  and  space  that 
usually  increases  along  with  power  increases.  This  was  accomplished  by  imple¬ 
menting  advanced  technology  that  has  been  developed  during  the  last  decade  and 
making  improvements  dictated  by  field  experience  (ref.  66). 

These  advanced  technology  components,  concepts,  and  improvements,  and 
their  effect  on  the  500  HP  transmission  are: 

(1)  High  contact  ratio  planetary  gear  teeth  reduce  the  noise  level  and 
increase  life. 

(2)  Improved  spiral  bevel  gears  made  of  vacuum  carburized  gear  steels, 
shot  peened  for  increased  gear  tooth  pitting  fatigue  life,  as  well  as  gear 
tooth  bending  fatigue  strength,  and  lubricated  with  Aeroshell  555  oil  save 
weight  and  space  and  increase  transmission  life. 

(3)  Improved  bearings  made  of  cleaner  steels,  and  designed  with  improved 
analytical  tools  to  save  weight  and  space  and  increase  the  reliability. 
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(4)  Improved  design  of  the  planet  carrier  made  of  two  piece  construction 
with  straddle  mounting  of  the  planet  gears  for  Improved  gear  alignment  and 
power  capacity. 

(5)  The  cantilever-mounted  planetary  ring  gear  has  no  working  spline  to 
generate  wear  debris;  It  Isolates  the  meshing  teeth  from  the  housing  to  reduce 
noise;  and  It  provides  a  flexible  mount  for  a  more  uniform  load  distribution 
among  the  planets. 

(6)  The  sun  gear  now  has  an  Improved  spline  (crown  hobbed  and  hardened) 
running  submerged  In  a  bath  of  flowthrough  oil  which  prevents  the  spline  from 
wearing. 

(7)  The  straddle-mounted  bevel  gear  allows  higher  torque  to  be  trans¬ 
mitted  without  detrimental  shifting  of  the  tooth  contact  pattern. 

In  summary,  the  Improved  500  HP  design  has  a  weight/HP  ration  of 
0.26  Ib/HP  compared  to  0.37  Ib/HP  for  the  317  HP  0H-58C  transmission.  This 
transmission  Is  the  basis  for  the  transmission  In  the  Army's  Improved  0H-58D 
model  helicopter. 

Bearingless  Planetary  Transmission 

One  recent  development  1n  the  area  of  high  performance  power  trans¬ 
missions  Is  the  self-aligning,  bearingless  planetary  (SABP)  (fig-  23).  This 
transmission  arrangement  can  be  generically  classified  as  a  quasi-compound 
planetary  which  utilizes  a  sun  gear,  planet  spindle  assemblies,  ring  gears, 
and  rolling  rings. 

The  design  study  projects  a  weight  savings  of  17  to  30  percent  and  a 
reliability  Improvement  factor  of  2:1  over  the  standard  transmission 
(ref.  67).  The  benefits  of  using  a  SABP  transmission  are  most  effective  when 
one  uses  reduction  ratios  between  16:1  and  26:1.  It  permits  high  reduction  In 
two  compound  stages  of  high  efficiency,  providing  sufficient  flexibility  and 
self-centering  to  give  good  load  distribution  between  planet  pinions,  while 
effectively  Isolating  the  planetary  elements  from  housing  deflections. 

This  new  transmission  concept  offers  advantages  over  transmissions  that 
use  conventional  planetary  gear:  higher  reduction  ratio,  lighter  weight. 
Increased  reliability,  and  decreased  vulnerability.  Since  It  has  no  planet 
bearings,  there  is  a  weight  savings  and  power  losses  and  bearing  failures 
commonly  associated  with  conventional-design  transmission  are  nonexistent. 

In  conventional-design  transmissions,  planet  bearings  are  heavily  loaded 
and  are  the  weak  link  when  the  lubricant  is  interrupted.  The  SABP  trans¬ 
mission  has  decreased  vulnerability  because  of  Increased  operating  time  after 
loss  of  lubricant  since  there  are  no  planet  bearings. 

One  SABP  transmission  with  a  17.44:1  ratio  is  currently  being  tested  In 
the  500  HP  transmission  facility  at  NASA  Lewis,  and  another  variant  with  a 
ratio  of  101:1  1s  being  fabricated  for  testing. 
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Tract1on/Gear  Hybrid  Transmission 

Two  variants  of  this  type  of  transmission  have  been  fabricated  as  test 
models.  The  benefits  of  traction  are  combined  with  the  benefits  of  gears  In 
these  novel  transmission  designs.  In  the  version  which  simulates  the  OH-58 
transmission  (fig.  24),  the  hybrid  transmission  Is  only  22  percent  heavier  but 
transmits  58  percent  more  power.  The  transmission  has  advantages  of  Increased 
power-to-welght  ratio  (0.27  Ib/HP)  and  an  estimated  300  percent  Increase  In 
reliability.  A  high  ratio  variant,  which  eliminates  a  40-lb  gearbox  on  the 
engine  offers  an  even  higher  advantage  of  68  percent  Increase  In  power-to- 
welght  ratio  to  0.20  Ib/HP. 


Split  Torque  Transmission 

Advancements  In  transmissions  can  come  from  either  improved  components  or 
improved  designs  of  the  transmission  system.  The  split  torque  arrangement  is 
in  the  second  category.  Figure  25  shows  a  split  torque  design  which  Is  com¬ 
patible  with  the  Black  Hawk  (UH-60A)  helicopter.  The  fundamental  concept  of 
the  split  torque  design  is  that  the  power  from  the  engine  is  divided  into  two 
parallel  paths  prior  to  recombination  on  a  single  gear  that  drives  the  output 
shaft.  Studies  have  shown  that  replacement  of  the  planetary  gear  reduction 
stage  with  a  split  torque  results  in  weight  savings  and  increased  reliabil¬ 
ity.  There  can  be  many  pinions  driving  the  output  gear,  but  in  the  case  of 
the  UH-60A  application  it  was  found  that  four  pinions  gave  the  optimum  design 
on  the  basis  of  least  overall  weight,  reduced  power  losses,  comparable  total 
parts  count  compared  to  the  existing  UH-60  design,  and  least  number  (one)  of 
nonredundant  gears.  The  advantage  of  split  torque  over  planetary  Is  greatest 
for  the  larger  sized  helicopters. 

The  engineering  analysis  (ref.  68)  showed  that  the  following  performance 
benefits  can  be  achieved  for  a  3600  HP  split  torque  transmission  compared  to 
the  conventional  transmission  with  a  planetary  gear  stage: 

(1)  Weight  is  reduced  15  percent. 

(2)  Drive  train  power  losses  are  reduced  by  9  percent. 

(3)  Reliability  is  improved  and  vulnerability  is  reduced  because  of 
redundant  power  paths. 

(4)  The  number  of  noise  generation  points  (gear  meshes)  is  reduced. 

The  transmission  has  potential  for  Installation  In  the  Black  Hawk  heli¬ 
copter.  The  design  study  has  carried  the  transmission  to  the  detail  design 
stage  for  a  test  model  to  be  used  for  validation  studies  in  the  NASA  Lewis 
3000  HP  helicopter  transmission  facility,  but  a  test  model  has  not  been 
built.  For  the  transmission  to  be  used  in  the  Black  Hawk,  a  separate  detail 
design  and  installation  study  would  be  required  first. 


CONCLUDING  REMARKS 

The  purpose  of  this  paper  has  been  to  review  significant  developments  in 
helicopter  transmission  technology  as  a  result  of  the  NASA/Army  Transmission 
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Research  Program  of  the  last  two  decades.  The  helicopter  demands  an  extremely 
light,  long-lived  and  quiet  drive  system.  The  NASA/Army  research,  along  with 
the  helicopter  builders'  careful  designs,  has  provided  reliable  and  strong 
drive  systems  for  civilian  and  Army  helicopters.  This  paper  has  reviewed 
significant  research  in  drive  systems  and  their  components. 

The  critical  issues  that  were  identified  are:  (1)  to  achieve  significant 
advances  inpower-to-weight  ratio,  (2)  to  increase  reliability,  and  (3)  to 
reduce  the  transmission  noise.  New  concepts  to  achieve  these  goals  have  been 
investigated.  The  advanced  500  HP  transmission  has  explored  an  increased 
power-to-weight  ratio  using  advanced  design  techniques,  component  improve¬ 
ments,  and  advanced  materials.  The  value  of  this  kind  of  research  activity 
was  realized  during  the  upgrading  of  the  Army's  OH-58  helicopter,  when  the 
research  on  the  advanced  500  HP  transmission  laid  the  groundwork  for  the 
transmission  used  in  the  0  model.  The  split  torque  concept  offers  significant 
weight  savings  for  large  size  helicopters.  The  bearingless  planetary  trans¬ 
mission  with  helical  gears  offers  advantages  in  reliability  and  reduced 
noise.  The  traction/gear  hybrid  transmission  has  explored  the  advantage  of 
noise  reduction  and  reduced  cost. 

It  is  reasonable  to  expect  that  helicopters  will  continue  to  evolve  in 
the  future.  To  achieve  the  necessary  advances  in  rotary  wing  flight  capabil¬ 
ity,  drive  train  technology  must  keep  pace  with  advances  in  engines,  controls, 
structures,  and  rotors.  The  current  plan  for  NASA/Army  Transmission  Research 
calls  for  increased  emphasis  on  noise  reduction,  an  aggressive  development  of 
computer  aided  design  codes  for  transmissions,  and  the  design  and  construction 
oT  demonstrator  transmissions  in  large  and  small  size  categories. 
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(CURRENTLY  .4  TO  .6  LB/HP) 


MORE  RELIABLE 


5000  HR  MTBO 
(CURRENTLY  500-2000  HRS) 
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Figure  1.  -  Required  technological  advancements  for  helicopter  transmissions  in  the  1990's. 
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Figure  Z  -  Concept  for  a  comprehensive  computer  program  library  for  modelling  and  analysis  of  transmissions^ 
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Figure  5.  -  Fatigue  life  for  four  gear  materials  compared  to  baseline 
AISI 9310  material.  (S,  P.  ■  Shot  Peened).  Tests  conducted  on  NASA 
Spur  Gear  Rig. 


Percent  of  specimens  failed 


Radial  jet  lubrication 
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Figure  7.  -  Two  ways  of  aiming  the  oil  jets  to  lubricate  gear  teeth. 
Radially  aimed  jet  penetrates  further  to  better  cool  gear  tooth.  Out- 
of-mesh  aimed  jet  has  less  power  loss  compared  to  into-mesh  direct¬ 
ed  flow. 


r~  Gear  tooth 


Figure  8.  -  Contact  ellipse  moves  across  the  face  of  the  gear 
tooth  as  the  gear  meshes  with  its  mating  gear  (not  shown). 
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Figure  9.  -  Kinematic  error  function  for  the  mesh  of 
several  gear  teeth. 
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Figure  10.  -  Advanced  design  for  tapered  roller  bearings 
provides  cooler  operation  at  high  speed. 
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Oil-out  temperature,  Inner-race  temperature. 


(a)  Race  temperatures. 
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Total  oil  flow  rate,  m^/min 


(b)  Heat  transferred  to  lubricating  oii. 

Figure  14.  -  Comparison  of  calculated  and  experimental 
bearing  data  using  a  cold  diametral  clearance  of  0.09  mm 
in  the  computer  program.  Shaft  speed,  20  000  rpm;  ra¬ 
dial  load,  8900  l\J  (2000  lb);  lubricant  volume,  2  percent. 


Time,  T,  min 

(a)  On  mast,  below  planet  carrier 

(b)  On  mast,  at  planet  carrier 

(c)  On  mast,  at  upper  mast  bearing 

Figure  15.  -  Computer  simulation  of  loss  of  lubricant  in  the  OH-58 
transmission .  Predicted  transient  temperatures  compared  to  ex¬ 
perimental  data,  output  shaft  area.  Drain  plug  removed  at  T  ■  0; 
oil  pressure  to  zero  at  t  ■  1. 5  minutes. 
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Sun  planet  load,  pounds 


1.5 


Figure  16.  -  Power  loss  predictions  as  a  function  of  speed  for 
gears,  showing  effect  of  size  and  contact  ratio. 


Figure  17.  -  Gear  tooth  dynamic  load  factor  compared  to  static  load 
as  a  function  of  position  of  the  contact  point 
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Figure  18.  -  Sun-planet  dynamic  load  for  9  teeth  engage¬ 
ments  on  3000  hp  helicopter  transmission.  Speed  - 1200 
rpm.  Torque  -  4500  in.  -lb . 


16 


Diametral  pitch 

(b)  In  design  space  of  number  of  pinion  teeth  versus  diametral 
pitch,  there  is  an  allowable  region  of  design.  Line  labeled 
"C  =  Constant"  is  locus  of  constant  center  distance  designs. 
Minimum  weight  designs  lie  on  the  right  hand  edge  of  the 
shaded  region. 


Figure  19.  -  Results  of  weight  minimization  study  for  spur  gears. 


Probability  of  failure,  percent 


Life  (millions  of  sun  rotations) 

Figure  20.  ^  Calculated  Weibull  distributions  for  sun 
gear,  planet  bearing,  and  complete  planetary  assem¬ 
bly  of  sun.  bearings,  planets,  and  gear. 


Figure  21,  -  Gear  mesh  life  plotted  against  speeds 
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Figure  2Z  -  Advanced  500  hp  transmission. 
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(b)  Cross  section  view. 

Figure  23„  -  Self-aligning  bearingless  planetary  transmission. 
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Figure  24,  -  Traction  hybrid  transmission 
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Figure  25.  -  Split-torque  transmission  generally  configured  for  UH-60  Blackhawk  helicopter, 
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SUMMARY 

The  objective  of  the  NASA  aircraft  icing  research  program  is  to  develop 
and  make  available  icing  technology  to  support  the  needs  and  requirements  of 
industry  for  all  weather  aircraft  designs.  While  a  majority  of  the  technol¬ 
ogy  being  developed  is  viewed  to  be  generic  (i.e.  appropriate  to  all  vehicle 
classes),  vehicle  specific  emphasis  is  being  placed  on  the  helicopter  due  to 
its  unique  icing  problems.  In  particular,  some  of  the  considerations  for 
rotorcraft  icing  are  indicated  in  figure  1.  The  NASA  icing  research  program 
emphasizes  technology  development  in  two  key  areas:  ice  protection  concepts 
and  icing  simulation  (analytical  and  experimental).  The  NASA  research 
efforts  related  to  rotorcraft  icing  in  these  two  technology  areas  will  be 
reviewed  in  this  paper. 


ICE  PROTECTION  CONCEPTS 

Currently,  the  only  rotor  ice  protection  system  being  employed  on  opera¬ 
tional  military  and  civilian  helicopters  is  the  electrothermal  deicing 
system.  While  the  electrothermal  concept  has  been  shown  to  be  capable  of 
effectively  deicing  rotors,  the  weight  and  power  requirements  have  caused 
the  industry  to  seek  other  concepts.  NASA  research  efforts  have  focused  on 
two  concepts:  pneumatic  boot  and  electro-impulse  deicers. 


PNEUMATIC  BOOT 

The  pneumatic  boot  is  probably  one  of  the  oldest  of  all  ice  protection 
concepts  with  its  use  on  fixed  wing  aircraft  dating  back  to  at  least  the 
1930's.  The  application  of  the  pneumatic  boot  concept  to  the  helicopter 
rotor  was  studied  by  Lockheed  under  an  Army  contract  in  the  1970's  (ref.  1) 
and  rejected,  primarily  on  materials  concerns.  Specifically,  it  was  felt 
that  the  pneumatic  boot  would  not  withstand  the  service  dynamic  environment 
of  the  helicopter  rotor.  It  was  feared  that  the  boots  might  be  damaged  or 
completely  torn  off  by  the  high  levels  of  centrifugal  forces.  Also,  it  was 
felt  that  the  rain/erosion  characteristics  of  the  neoprene  rubber,  from 
which  the  boots  would  be  constructed,  would  be  unacceptable.  Concern  was 
also  expressed  about  the  possible  aerodynamic  performance  degradation  of  the 
rotor  due  to  the  presence  of  the  boots  especially  when  the  tubes  were 
inflated.  These  concerns  were  sufficient  to  eliminate  the  pneumatic  boot 
from  further  consideration  at  that  time. 
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However,  the  B.F.  Goodrich  Company,  the  only  company  marketing  pneumatic 
boots  in  this  country,  subsequently  investigated  other  candidate  materials 
for  boot  construction  and  became  convinced  that  a  polyurethane  material 
(trade  name  Estane)  would  solve  several  of  the  aforementioned  problems. 
Furthermore,  the  possible  simplicity,  light  weight,  low  power  consumption 
and  low  cost  of  a  rotor  pneumatic  boot  deicing  system  justified  pursuing  a 
technology  development  program.  Based  on  these  considerations,  NASA  and 
B.F.  Goodrich  conducted  a  joint  program  in  1979  to  investigate  the  deicing 
capability  and  aerodynamic  performance  of  candidate  pneumatic  boot  designs. 
The  results  of  that  test  program  conducted  in  the  NASA  Icing  Research  Tunnel 
(IRT)  are  given  in  reference  2. 

The  wind  tunnel  model  used  in  the  test  (fig.  2)  was  a  6  ft  span  segment 
of  a  full  scale  UHIH  rotor  blade.  Of  the  three  pneumatic  boot  configurations 
tested,  the  one  judged  to  be  the  most  effective  at  removing  ice  is  shown  in 
figure  3.  This  configuration  had  two  spanwise  tubes  surrounding  the  leading 
edge  and  chordwise  tubes  aft  of  the  leading  edge  tubes  on  both  the  suction 
and  pressure  surfaces. 

Deicing  performance  of  this  configuration  for  representative  rime  and 
glaze  icing  conditions  is  shown  in  figure  4.  The  drag  levels  as  measured  by 
a  translating  wake  survey  probe  indicated  large  drag  increases  relative  to 
clean  model  levels  due  to  the  ice  accretions  (80  to  171  percent)  and  drag 
increases  of  21  to  52  percent  due  to  the  residual  ice  left  after  one  boot 
inflation. 

The  results  of  this  preliminary,  proof-of-concept  test  were  encouraging 
enough  that  a  joint  NASA/Army/Bell /B.F.  Goodrich  program  was  established  to 
conduct  the  required  flight  tests  to  further  evaluate  the  feasibility  of  the 
pneumatic  boot  concept  for  rotor  deicing.  This  flight  testing  effort  has 
been  conducted  in  several  phases:  flight  loads  survey  performance  and 
handling  qualities  tests,  hover  icing  (artificial),  forward  flight  icing 
(artificial  and  natural),  and  rain  and  sand  erosion  testing. 

Clear  air  and  icing  flight  tests  were  conducted  by  the  Army  Engineering 
Flight  Activity  (Edwards  Air  Force  Base)  while  Bell  Helicopter  Textron  instr¬ 
umented  the  set  of  rotor  blades  to  which  had  been  affixed  the  pneumatic  boot 
deicers  provided  by  B.F.  Goodrich.  The  system  as  installed  on  the  JUH-IH 
weighed  only  30  lb  and  consisted  of  only  six  major  components:  pnuematic 
deicer,  regulator-reliever  shut-off  valve,  timer,  rotary  union,  hose  and 
flap  assembly,  and  ejector  flow  control  valve  to  keep  the  deicers  deflated. 
Figure  5  shows  a  schematic  of  the  JUH-IH  helicopter  with  the  key  pneumatic 
deicer  components  indicated. 

Hover  icing  tests  were  conducted  in  the  Canadian  National  Research 
Council's  Ottawa  Spray  Rig  (fig.  6)  while  the  forward  flight  icing  tests 
were  conducted  behind  the  Army's  Helicopter  Icing  Spray  System  (HISS)  tanker 
(fig.  7).  Natural  icing  flight  tests  were  conducted  in  the  general  vicinity 
of  Duluth,  MN.  Sand  and  rain  erosion  tests  were  conducted  at  Fort  Rucker, 
Alabama  by  the  Army  Aviation  Development  Test  Activity  (USAAVNDTA).  Limited 
artificial  rain  erosion  flight  tests  were  conducted  at  Edwards  Air  Force 
Base,  CA  by  the  Army  Aviation  Engineering  Flight  Activity  (USAAEFA). 
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The  deidng  capability  of  the  deicer  configurations  tested  on  the  JUH-1H 
was  judged  to  be  satisfactory  for  the  range  of  light  thru  moderate  icing 
conditions  tested.  Structual  loads  measured  during  flight  tests  were  all 
within  acceptable  endurance  limits  except  the  main  rotor  pitch  link  axial 
load  which  exceeded  the  limit  by  20  percent.  This  was  not  judged  to  be 
critical.  No  unusual  dynamic  responses  were  noted  and  handling  qualities  of 
the  OUH-IH  were  essentially  unchanged  by  installation  of  the  pneumatic  boots. 
However,  significant  hover  and  level  flight  performance  degradation  due  to 
pneumatic  boot  installation  effects  of  the  JUH-IH  was  measured.  A  summary 
of  the  flight  test  efforts  is  given  in  reference  3. 

As  already  indicated,  the  ability  of  the  Estane  material  to  withstand 
the  sand  and  rain  erosion  environment  of  the  rotor  was  a  key  issue  regarding 
feasibility  of  the  pneumatic  boot  deicer.  Ten  hours  of  sand  erosion  testing 
at  Fort  Rucker  and  6  hours  of  artificial  rain  erosion  testing  behind  the 
HISS  tanker  failed  to  result  in  any  detectable  erosion.  However,  10  hours 
of  flying  in  natural  rain  of  varying  intensity  required  four  separate  blade 
repairs  due  to  pitting  and  chunking  of  the  Estane  material.  These  repairs 
were  required  in  the  outer  span  region  of  the  blades.  This  region  was 
covered  by  a  layer  of  Estane  and  was  not  protected  by  an  active  pneumatic 
deicer,  but  rather  relied  on  self  shedding  for  deicing. 

The  preliminary  results  from  the  NASA/Army/Industry  program  suggest  that 
the  pneumatic  boot  deicer  is  a  feasible  alternate  rotor  ice  protection 
system.  However,  additional  field  testing  appears  to  be  needed  to  gain  more 
experience  with  the  erosion  problems  including  the  practicality  of  making 
repairs  in  the  field  before  final  conclusions  can  be  drawn. 


ELECTROMAGNETIC  IMPULSE  DEICER 

The  electromagnetic  impulse  deicer  (EIDI)  is  a  potentially  attractive 
system  for  low  weight,  low  power  consumption,  highly  reliable  and  efficient 
deicing  of  aircraft  components.  The  EIOI  concept,  while  first  suggested  as 
early  as  1937,  had  not  been  adequately  developed  to  allow  industry  to  con¬ 
sider  incorporation  in  current  or  future  aircraft  designs.  However,  NASA 
sponsored  an  intensive  4  year  joint  effort  with  industrial  and  university 
partners  to  develop  the  required  technology  base  for  the  EIDI  concept.  This 
activity  was  completed  in  1986.  Reference  4  summarizes  the  NASA  industry 
university  program  for  EIDI  technology  development. 

The  basic  principles  behind  the  operation  of  the  EIDI  system  are  shown 

in  figure  8.  Flat-wound  coils  made  of  copper  ribbon  wire  are  placed  just 

inside  the  leading  edge  of  a  wing's  skin  with  a  small  gap  separating  skin 

and  coil.  Either  one  or  two  coils  are  placed  at  a  given  spanwise  station, 

depending  on  the  size  of  the  leading  edge.  Two  methods  of  supporting  coils 
are  shown:  support  by  the  front  spar  or  from  a  beam  attached  to  the  ribs. 
Also,  mounting  to  the  skin  itself  is  sometimes  used. 

The  coils  are  connected  by  low  resistance,  low  inductance  cables  to  a 
high  voltage  capacitor  bank,  and  energy  is  discharged  through  the  coil  by  a 
remote  signal  to  a  silicon-controlled-rectifier  ("thyristor").  Discharge  of 
the  capacitor  through  the  coils  creates  a  rapidly  forming  and  collapsing 
electromagnetic  field  which  induces  eddy  currents  in  the  metal  skin.  The 
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fields  resulting  from  current  flow  in  the  coil  and  skin  create  a  repulsive 
force  of  several  hundred  pounds  magnitude,  but  for  a  duration  of  only  a 
fraction  of  a  millisecond.  A  resulting  small  amplitude,  high  acceleration 
movement  of  the  skin  acts  to  shatter,  debond  and  expel  the  ice.  Two  or  three 
such  "hits"  are  performed  sequentially,  separated  by  the  time  required  to 
recharge  the  capacitors,  then  ice  is  permitted  to  accumulate  until  it  again 
approaches  an  undesirable  thickness. 

The  EIDI  system  is  lightweight  and  uses  a  small  amount  of  electrical 
energy  (about  200  J  per  foot).  For  fixed-wing  aircaft,  system  weights  are 
comparable  to  those  for  pneumatic  deicers,  and  the  power  used  is  about  equal 
to  the  landing  light  power.  The  power  required  is  about  one  percent  of  that 
used  by  a  hot  gas  anti-icing  system,  or  about  10  percent  of  an  electrothermal 
system. 

The  ability  of  the  EIDI  system  to  efficiently  deice  the  many  fixed  wing 
icing  components  which  were  tested  in  the  IRT  suggested  that  the  system  might 
also  be  used  to  deice  helicopter  rotors.  In  order  to  provide  a  preliminary 
evaluation  of  this  hypothesis,  a  midspan  section  of  an  AHl  Cobra  rotor  blade 
was  reworked  to  include  EIDI  coils  and  the  resulting  model  was  tested  in  the 
IRT  (fig.  9).  The  Cobra  blade  section  was  of  all  composite  design  and  had  a 
chord  of  31  in.,  but  for  these  tests  the  leading  edge  was  made  of  sheet 
metal,  and  attached  only  at  its  upper  and  lower  surface  extremeties. 

Acceptable  deicing  characteristics  (as  shown  in  fig.  10)  were  observed 
for  a  configuration  which  had  mini-coils  located  every  8  inches  on  the  pres¬ 
sure  surface.  Coils  placed  adjacent  to  the  upper  or  suction  surface  did  not 
yield  such  satisfactory  deicing  results  either  when  tested  alone  or  in  con¬ 
junction  with  selected  lower  surface  coils. 

While  these  initial  fixed  position  airfoil  de-icing  tests  gave  satisfac¬ 
tory  deicing  results,  several  design  related  problems  became  apparent.  In 
particular,  the  rotor  leading  edge  abrasion  shield  must  be  free  to  move  in  a 
normal  direction  in  order  to  expel  ice  so  bonding  of  the  shield  to  the  com¬ 
posite  nose  would  have  to  be  restricted  to  well  downstream  of  the  nose  on 
the  upper  and  lower  surfaces.  Space  must  also  be  found  forward  of  the  rotor 
main  spar  to  run  the  required  number  of  insulated  wires  to  the  coils  as  well 
as  for  the  coils  themselves.  Also,  the  delicate  aeroelastic  balance  of  the 
rotor  must  not  be  upset  by  inclusion  of  the  EIDI  system. 

These  concerns  strongly  suggest  that  the  incorporation  of  EIDI  into  a 
helicopter  rotor  must  be  done  as  either  part  of  a  redesign  of  an  existing 
rotor  or  design  of  a  new  system.  That  is,  the  EIDI  is  not  an  add-on  system 
for  helicopter  rotor  blades.  Thus  the  development  of  the  required  technology 
cannot  be  accomplished  so  readily  as  it  was  for  fixed  wing  aircraft  where 
retrofitting  of  EIDI  was  an  acceptable  approach. 

In  the  future,  it  is  hoped  that  a  joint  NASA/Army/industry/university 
consortium  can  be  established  which  will  develop  the  required  technology 
base.  It  is  envisioned  that  a  series  of  IRT  tests  will  be  initially  required 
followed  by  hover  icing  tests  at  the  Ottawa  Spray  Rig  and  forward  flight 
icing  tests,  in  both  artificial  and  natural  conditions. 
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ICING  SIMULATION 


The  rotorcraft  icing  community  is  severely  lacking  in  available  validated 
simulation  techniques  (both  experimental  and  analytical)  to  investigate  icing 
problems  for  research  and  development,  design,  or  certification/qualification 
purposes.  A  major  goal  of  the  NASA  rotorcraft  icing  research  effort  is  to 
develop  and  validate  the  required  simulation  techniques.  The  following  sec¬ 
tion  describes  the  various  research  efforts,  the  results  of  which  will 
contribute  to  this  goal. 


AIRFOIL  PERFORMANCE  IN  ICING 

Prior  to  the  NASA  icing  research  program,  the  vast  majority  of  the  air¬ 
foil  performance-in-icing  data  was  acquired  in  the  IRT  by  NACA  researchers 
in  the  1944  to  55  time  period.  The  IRT  has  a  maximum  test  section  velocity 
of  300  mph  (M  »  0.4)  which  does  not  allow  the  high  speed  icing  studies 
needed  by  the  rotorcraft  community  to  be  conducted.  It  is  well  known  that 
the  outer  span  regions  of  helicopter  rotors  contribute  significantly  to  the 
overall  lift  and  drag  and  thus  a  knowledge  of  rotor  outer  span  icing  charac¬ 
teristics  is  essential.  A  first  step  to  gaining  this  understanding  is  to 
understand  the  high  speed  icing  characteristics  of  airfoil  sections  which 
are  representative  of  outer  span  sections.  Also,  it  should  be  noted  that  the 
airfoil  geometries  tested  by  NACA  researchers  in  the  IRT  were  primarily  for 
fixed  wing  applications. 

In  order  to  begin  to  acquire  the  required  airfoil  high  speed  icing  data 
base,  NASA  sponsored  an  extensive  research  program  in  the  Canadian  National 
Research  Council's  (NRC)  12  by  12  in.  high  speed  icing  wind  tunnel.  At  the 
time  of  this  program,  the  NRC  wind  tunnel  was  the  only  operational  high  sped 
icing  wind  tunnel  in  North  America. 

This  program,  which  was  conducted  by  Sikorsky  Aircraft  and  The  Ohio  State 
University  and  is  discussed  in  reference  5,  involved  testing  several  differ¬ 
ent  subscale  airfoil  geometries  over  a  wide  range  of  aerodynamic  and  environ¬ 
mental  conditions.  Figure  11  shows  the  main  airfoil  geometries  tested.  The 
NACA0012  airfoil  represented  a  first  generation  rotor  airfoil  while  the  VR-7 
SC1095,  SC1094  R8,  and  SC1012  R8  represented  second  generation  airfoil  con¬ 
tours.  The  SSC-A09  and  circulation  control  sections  were  chosen  to  represent 
advanced  airfoil  designs. 

A  large  amount  of  airfoil  icing  performance  and  ice  accretion  shape  data 
was  acquired  for  Mach  numbers  from  0.3  to  as  high  as  0.7.  In  addition  to 
airfoil  force  and  moment  levels,  measurements  were  also  made  of  surface 
pressure  distributions  for  some  of  the  models. 

Figure  12  shows  some  typical  data  gathered  during  the  test  program. 
Changes  in  airfoil  lift  and  moment  coefficients  are  shown  as  a  function  of 
icing  time.  For  all  airfoil  configurations,  increases  in  drag  coefficient 
were  large  while  the  changes  in  lift  and  pitching  moment  coefficients  were 
smaller  (but  certainly  not  insignificant). 

Data  such  as  that  shown  in  figure  12  was  used  to  formulate  correlation 
equations  for  changes  in  airfoil  lift  and  moment  coefficients  as  functions 
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of  aerodynamic,  environmental,  and  airfoil  geometric  variables.  These  corre¬ 
lation  equations  gave  predictions  which  agreed  with  the  experimental  data  to 
within  about  30  percent. 

These  two-dimensional  airfoil  icing  correlation  equations  were  then  used 
along  with  appropriate  rotor  performance  analysis  codes  to  predict  rotor 
performance  in  icing  for  the  S-76,  UH-IH,  and  UH-60A  aircraft  and  to  compare 
the  predictions  with  available  icing  flight  data.  Predictions  were  made  for 
torque  rise  levels  for  both  hover  and  forward  flight  conditions.  The  results 
are  shown  in  figure  13.  Appreciable  scatter  existed  in  the  results,  although 
the  general  agreement  was  judged  to  be  better  for  the  hover  condition.  Gen¬ 
erally,  the  predicted  torque  rise  levels  for  forward  flight  conditions  were 
less  than  the  observed  values. 

It  is  difficult  to  evaluate  the  shortcomings  of  the  analysis  from  these 
limited  comparisons  since  the  quality  of  the  flight  data  can  be  questioned. 
The  data  was  gathered  during  programs  for  which  the  main  goal  was  to  evaluate 
ice  protection  system  performance  rather  than  to  acquire  rotor  performance- 
in-icing  data.  It  is  felt  that  dedicated  flight  test  programs  must  be 
conducted  to  acquire  quality  code  validation  data.  Also,  shedding  of  ice, 
especially  from  the  outer  span  region  of  the  rotor,  is  felt  to  be  a  key 
aspect  of  rotor  icing.  The  prediction  methodology  had  only  a  very  simple 
treatment  of  this  complex  phenomenon,  and  no  information  about  shedding  was 
contained  as  part  of  the  reported  experimental  results.  Again,  future  flight 
test  programs  must  adequately  document  the  shedding  characteristics. 


In  1985,  Fluidyne  Engineering  Corporation  (Minneapolis,  MN)  began  opera¬ 
tion  of  a  22  by  22  in.  transonic  icing  wind  tunnel  (fig.  14).  This  is  an 
atmospheric  total  pressure  facility  which  relies  on  ambient  conditions  to 
provide  proper  air  temperature.  NASA  has  initiated  a  series  of  tests  in 
this  facility  to  acquire  larger  chord  rotorcraft  airfoil  icing  data.  First 
phase  of  testing  involved  acquiring  ice  accretion  shapes  for  a  NACA0012  sec¬ 
tion  for  Mach  numbers  up  to  0.6  while  follow  on  testing  will  Involve  acqui¬ 
sition  of  ice  shapes  and  resulting  section  drag  levels.  Eventually,  tests 
will  be  conducted  with  other  representative  airfoil  sections. 

Lower  speed  icing  studies  of  the  NACA0012  airfoil  (21  in.  chord)  have 
been  conducted  in  the  NASA  IRT  (ref  6).  These  studies  are  also  aimed  at 
acquiring  airfoil  ice  accretion  and  resultant  drag  Increase  levels. 

An  oscillating  rig  mechanism  for  the  IRT  has  been  fabricated  and  will  be 
used  in  future  tests  to  assess  the  importance  of  pitch  oscillation  on  ice 
accretion  and  resultant  aero  degradation  levels. 


MODEL  ROTOR  ICING 

While  two-dimensional  airfoil  icing  data  is  a  required  part  of  a  compre¬ 
hensive  rotor  icing  data  base,  data  is  also  required  for  actual  rotors  oper¬ 
ating  in  the  icing  environment.  This  data  would  Include  ice  accretion 
shapes,  ice  shedding  characteristics,  and  resultant  rotor  loads.  Natural 
and  artificial  icing  flight  tests  of  full  scale  helicopters  is  the  most 
obvious  way  to  acquire  such  data,  but  flight  testing  is  an  expensive,  man- 
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power  Intensive  effort  and  it  is  not  realistically  possible  to  be  able  to 
acquire  data  for  "worst"  icing  conditions. 

A  more  desirable  approach  to  acquiring  such  rotor  icing  data  would  be 
through  icing  wind  tunnel  tests  of  properly  scaled  model  rotors.  This 
approach  would  allow  systematic  exploration  within  the  icing  envelopes  of 
liquid  water  content,  droplet  size,  and  ambient  temperature  to  determine 
areas  of  increased  rotor  sensitivity  to  icing.  To  date  the  only  model  rotor 
icing  tests  conducted  have  been  done  by  the  French  (ref  7).  The  French 
claimed  their  results,  when  compared  with  natural  icing  flight  test  data, 
showed  that  meaningful  ice  accretion  and  aero  performance  data  could  be 
acquired  but  the  value  of  electrothermal  deicer  data  was  questioned. 

Model  rotor  icing  tests  could  be  a  valuable  test  technique  not  only  for 
icing  R&D  purposes  but  also  for  icing  certification  purposes.  However, 
for  either  application,  the  simulation  approach  must  be  validated  by  compar¬ 
ison  with  full  scale  flight  data. 

In  order  to  develop  this  model  rotor  icing  test  technique,  NASA,  the 
four  major  helicopter  companies,  and  Texas  A&M  University  have  formed  a 
consortium  to  plan  and  carry  out  model  rotor  icing  tests  in  the  IRT.  The 
first  model  to  be  tested  will  be  a  fully  instrumented  Powered  Force  Model 
(PFM)  provided  by  Sikorsky  (fig.  15).  The  rotor  diameter  will  be  6  ft  and 
the  airfoil  section  will  be  NACA0012.  The  initial  tests  of  the  PFM  are  ten¬ 
tatively  scheduled  for  late  1987.  Follow  on  tests  would  involve  a  properly 
scaled  model  rotor  to  allow  direct  comparisons  to  be  made  with  data  acquired 
from  a  complementary  flight  test  program.  It  is  envisioned  that  this  pro¬ 
posed  flight  test  program  would  likely  be  a  joint  NASA/Army  venture. 

One  issue  which  must  be  addressed  as  part  of  the  model  rotor  icing  effort 
is  what  icing  scaling  relations  to  apply  between  full  scale  and  model  scale 
tests.  The  issue  of  icing  scaling  is  a  key  one  within  the  entire  icing  com¬ 
munity  since  icing  research  facilities  do  not  exist  which  allow  testing  of 
either  full  scale  components  or  complete  aircraft  (model  or  full-scale)  over 
the  complete  range  of  desired  conditions.  Current  NASA  efforts  with  regard 
to  scaling  are  to  concentrate  on  improving  the  understanding  of  the  fundamen¬ 
tal  physics  of  ice  accretion  and  to  conduct  comparison  tests  of  the  several 
scaling  laws  that  have  been  published  in  the  literature.  Improvement  in  the 
formulation  of  ice  accretion  modeling  should  allow  improved  scaling  relations 
to  be  developed. 

Another  desirable  approach  to  acquiring  rotor  aero  performance-in  -icing 
data  is  to  conduct  dry  wind  tunnel  tests  of  model  rotors  to  which  have  been 
affixed  to  the  leading  edge  representative  artificial  ice  shapes.  Initial 
attempts  to  explore  this  simulation  approach  have  involved  model  helicopter 
tests  in  the  Texas  A&M  7  by  10  low  speed  wind  tunnel  (fig.  10).  A  two- 
dimensional  glaze  like  ice  accretion  was  affixed  to  the  rotors  and  resulting 
rotor  loads  measured  for  a  variety  of  hover  and  forward  flight  conditions. 
Typical  forward  flight  test  results  shown  in  figure  17  indicate  large 
increases  in  required  torque  were  experienced  relative  to  the  clean  rotor 
levels.  The  results  also  indicate  that  the  ice  shape  covering  the  final  15 
percent  span  of  the  rotor  makes  a  large  contribution  to  overall  performance 
degradation. 
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Supporting  two-dimensional  airfoil  tests  were  conducted  in  the  Texas 
A&M  7  by  10  wind  tunnel  to  measure  local  section  performance  degradation 
due  to  the  ice  shape.  Overall  results  of  both  the  two-dimensional  airfoil 
and  model  rotor  tests  are  reviewed  in  reference  8. 

Follow  on  testing  of  this  model  helicopter  is  currently  underway  to 
investigate  the  importance  of  using  more  detailed  artificial  ice  shapes. 
Simulated  asymmetric  ice  shedding  cases  are  also  being  studied. 

The  artificial  ice  shape  testing  approach  offers  another  potentially 
attractive  simulation  testing  technique  if  it  can  be  properly  validated. 

The  ice  shapes  could  be  determined  by  analytical  predictions,  available 
experimental  data  and/or  personal  judgement.  Data  acquired  could  be  useful 
for  validating  analytical  prediction  methodologies  and  for  providing  data 
to  support  qualification/certification  programs. 


FULL  SCALE  HELICOPTER  ICING 

As  previously  indicated,  icing  flight  testing  is  a  very  expensive  and 
time  consuming  test  technique,  and  validated  simulation  approaches  are  pre¬ 
ferable.  However,  some  icing  flight  testing  is  required  to  develop  the 
necessary  validation  data  base.  These  test  programs  must  be  dedicated  to 
acquiring  such  data  rather  than  the  data  being  acquired  as  a  by  product  of  a 
program  aimed  at  some  other  goal,  such  as,  development  of  an  ice  protection 
system. 

NASA  and  the  Army  have  completed  the  first  such  flight  program  called 
the  Helicopter  Icing  Flight  Test  (HIFT)  program  (refs.  9  and  10).  The  over¬ 
all  HIFT  program  has  been  a  multi  year  effort  which  has  involved  several 
other  organizations  Bell  Helicopter  Textron,  Fluidyne  Engineering 
Corporation,  Hovey  and  Associates,  and  The  Ohio  State  University. 

The  major  elements  of  the  HIFT  program  and  how  they  are  related  are  shown 
in  figure  18.  Phase  I  flight  tests  were  conducted  in  the  Canadian  NRC'S 
Ottawa  Spray  Rig  while  Phase  II  flight  tests  were  conducted  behind  the  Army's 

HISS  tanker.  For  each  Phase  of  the  flight  testing,  ice  was  allowed  to 

accrete  on  the  unprotected  rotors  of  the  test  aircraft,  a  UH-IH,  and  result¬ 
ant  aero  performance  degradation  was  measured.  The  test  aircraft  was  then 
landed  with  care  so  as  to  minimize  the  ice  shed  from  the  rotors  during  shut 
down.  Rotor  ice  accretions  were  then  measured  along  the  span  primarily  using 
two  techniques  -  ice  shape  tracings  and  silicone  molds. 

Ice  shape  tracings  recorded  along  the  span  of  the  rotor  for  flight  E  of 

the  Phase  I  hover  tests  are  shown  in  figure  19  while  figure  20  shows  one  of 

the  silicone  molds  acquired  for  the  same  flight.  The  increase  in  horsepower 
required  to  sustain  hover  flight  for  the  icing  of  flight  E  was  96-HP  which 
was  about  a  17  percent  increase  over  the  clean  rotor  value.  Summaries  of 
the  ice  shape  documentation  efforts  for  the  two  phases  of  flight  testing  are 
given  in  references  11  and  12. 

The  silicone  molds  acquired  from  Flight  E  were  then  used  to  make  detailed 
epoxy  castings  of  the  ice  accretions  such  as  the  one  shown  in  figure  21. 

Full  scale  UHIH  rotor  sections,  with  these  castings  affixed  to  the  leading 
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edge  were  tested  in  the  Fluidyne  dry  transonic  wind  tunnel  to  measure  rotor 
sections  drag  increases  due  to  the  artificial  ice  shapes.  The  results  of 
these  tests  are  shown  in  figure  22.  These  results  were  then  used  along  with 
Bell  rotor  performance  codes  to  predict  the  rotor  degradation.  The  compar¬ 
isons  for  Flight  E  shown  in  figure  23  indicated  good  agreement  existed 
between  measured  and  predicted  performance  degradation. 

For  the  forward  flight  tests  (phase  II),  one  flight  test  point  has  been 
chosen  for  follow-on  testing  and  analysis.  The  wind  tunnel  tests  have  been 
completed  and  the  rotor  performance  degradation  predictions  will  soon  be 
made. 

The  HIFT  program  has  demonstrated  that  it  is  possible  to  acquire  rotor 
ice  accretion/aero-performance  data  for  hover  and  forward  flight  icing. 

Future  test  programs  should  incorporate  in-flight  ice  shape  documentation  in 
addition  to  the  ground  documentation  techniques  employed  in  the  HIFT  program, 
one  such  flight  system  might  be  the  hub  mounted  video  camera  system  developed 
by  the  Army  as  part  of  the  rotor  pneumatic  boot  program  already  discussed. 
Such  a  system  could  document  when  and  where  ice  shedding  occurred  during  the 
test  flights. 


ROTOR  ICING  ANALYSIS 

The  major  efforts  in  rotor  icing  analysis  are  in  the  areas  of  rotor  aero 
performance  degradation  and  electrothermal  de-icing  performance. 

Initial  aero  performance  predictions  were  accomplished  through  joint 
NASA/Boeing- Vertol/Texas  A&M  studies  to  predict  Boeing  Chinook  front  rotor 
degradation  due  to  rime  icing  (refs.  13  and  14).  The  intent  of  this  initial 
study  was  to  determine  whether  it  was  feasible  to  predict  rotor  performance 
in  icing  using  a  purely  theoretical  approach.  In  particular,  a  droplet  tra¬ 
jectory  code,  an  airfoil  performance  degradation  correlation  expression,  and 
a  rotor  performance  code  were  coupled  to  form  an  analysis  methodology. 

Initial  studies  were  done  for  hover  icing  (ref.  13)  and  then  extended  to 
forward  flight  conditions  (ref.  14).  The  droplet  trajectory  code  used  was 
that  developed  by  Bragg  (ref.  15). 

Figure  24  shows  the  predictions  for  horsepower  required  to  maintain  a 
constant  value  of  rotor  thrust  coefficient  for  two  different  assumed  radial 
extents  of  icing  (85  and  100  percent).  The  figure  show  the  important  contri¬ 
bution  of  the  rotor  outer  span  to  overall  rotor  degradation.  These  results 
clearly  show  that  a  comprehensive  rotor  icing  performance  methodology  must 
be  able  to  predict  radial  extent  of  icing.  Also  these  results  suggest  the 
importance  of  being  able  to  handle  rotor  ice  shedding,  especially  in  the 
outer  span  region. 

The  hover  icing  predictions  were  encouraging  enough  to  extend  the  predic¬ 
tions  to  forward  flight  conditions.  This  conclusion  was  primarily  on  the 
basis  that  the  performance  degradation  levels  predicted  were  reasonable, 
especially  when  compared  to  reported  values  for  other  helicopters.  Unfortu¬ 
nately,  no  data  was  available  at  the  time  for  Chinook  performance  in  icing. 
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For  the  hover  icing  analysis,  it  was  possible  to  take  advantage  or  the 
rotor  axial  symmetry  so  that  droplet  trajectory  and  airfoil  performance 
anzlyses  had  to  be  performed  only  as  a  function  of  radial  position  and  not 
also  as  a  function  of  azimuthal  position.  However,  for  the  forward 
analysis  it  was  necessary  to  account  for  the  azimuthal  dependence. 


Initially,  trajectory  and  airfoil  performance  calculations  were  perf'^prfect^; 
for  13  radial  locations  for  each  15°  increment  of  rotor  disk  (24  total  ' 
azimuthal  locations).  This  matrix  of  Information  was  then  input  into  the 
forward  flight  performance  code  and  rotor  degradation  predicted.  A  simpli¬ 
fied  approach  was  also  investigated  which  involved  calculating  average  sec¬ 
tion  Mach  number  and  angle-of-attack  for  each  radial  location  on  the  rotor. 
These  average  conditions  were  then  used  as  inputs  into  the  trajectory  and 
airfoil  performance  analyses.  The  resultant  array  of  airfoil  degradation 
levels  were  then  input  into  the  rotor  performance  code  to  make  the  final 
prediction.  While  the  number  of  calculations  required  for  this  simplified 
approach  was  far  less  than  for  the  detailed  analyses,  the  results  differed 
by  no  more  than  5  percent  in  predictions  of  horsepower  required  to  sustain 
level  flight. 


Figure  25  shows  the  predictions  of  horsepower  required  (referenced  to 
the  no  ice  value)  using  the  detailed  analytical  approach.  Four  different 
assumed  radial  extents  of  icing  are  shown,  and  again  the  importance  of  the 
outer  span  icing  is  evident.  Sikorsky  employed  this  same  basic  analytical 
approach  in  the  studies  already  mentioned.  Improvements  on  the  initial  NASA/ 
Boeing-Vertol/Texas  A&M  methodology  were  in  the  areas  of  predictions  of 
spanwise  extent  of  icing,  prediction  of  ice  shedding,  and  use  of  general 
airfoil  correlations  rather  than  just  a  rime  icing  correlation. 


The  major  conclusion  to  be  reached  from  the  rotor  icing  analysis  efforts 
completed  is  that  it  appears  to  be  possible  to  develop  a  comprehensive  rotor 
icing  analysis  methodology  which  will  predict  with  reasonable  accuracy  the 
rotor  degradation  levels  to  be  expected  from  ice  accretions.  Current  NASA 
efforts  are  aimed  at  developing  such  a  comprehensive  methodology,  the  main 
elements  of  which  are  shown  in  figure  26.  In  the  near  term,  correlations 
will  be  used  to  predict  airfoil  degradation  due  to  icing  while  in  the  longer 
term  it  is  envisioned  that  these  correlations  will  be  replaced  by  codes  which 
predict  the  actual  ice  accretion  distribution  on  the  rotor  and  the  resultant 
section  changes  in  lift,  drag,  and  moment  coefficients.  These  codes  are 
currently  being  developed  and  validated  by  NASA  as  part  of  the  aircraft  icing 
research  program.  Also,  ongoing  fundamental  research  (both  analytical  and 
experimental)  in  the  area  of  ice  structural  properties  should  provide  some 
guidance  in  the  development  of  the  ice  shedding  module. 

While  this  rotor  icing  analysis  methodology  will  certainly  require  sig¬ 
nificant  computational  resources,  it  is  felt  that  it  will  be  a  fundamentally 
correct  methodology  which  will  not  be  based  on  extensive  use  of  correlations 
which  can  always  be  questioned  when  "new"  or  different  rotor  configurations 
are  investigated. 

Again,  it  must  be  emphasized  that  additional  high  quality  icing  flight 
test  data  must  be  acquired  to  validate  this  rotor  icing  analysis  methodology. 
Currently,  the  data  being  used  is  that  provided  through  the  HIFT  program  as 
well  as  unprotected  British  RAF  Chinook  data  provided  by  the  British  Royal 
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Aircraft  Establishment  (RAE)  through  the  joint  NASA/RAE  studies  on  helicopter 
icing. 

The  other  analysis  effort  has  been  the  development  and  validation  of  a 
series  of  transient  heat  conduction  codes  which  model  the  electrothermal 
deicer.  Figure  27  gives  the  important  characteristics  of  the  six  different 
codes  developed  to  date  and  how  they  differ  from  one  another.  As  the  table 
suggests,  the  codes  vary  greatly  in  complexity  and  therefore,  in  the  size  of 
computer  required.  Codes  1  and  2  which  model  the  electrothermal  deicer  on  a 
one-dimensional,  time  varying  basis  can  be  run  on  a  personal  computer. 

Code  6  which  analyzes  the  complete  two-dimensional  geometry,  including  the 
variable  thickness  ice  layer  and  the  many  layers  of  the  airfoil  geometry 
requires  a  supercomputer  (i.e.  a  Cray  IS  or  XMP)  to  achieve  reasonable  run 
times.  A  unique  feature  of  all  codes  is  that  they  treat  the  melting  of  the 
ice  through  a  phase  change  routine. 

Currently,  the  code  predictions  are  being  compared  with  electrothermal 
deicer  data  from  icing  wind  tunnel  and  helicopter  natural  icing  flight  tests. 
These  comparisons  are  aimed  at  providing  a  better  understanding  of  how  accur¬ 
ately  the  various  codes  can  predict  electrothermal  deicer  performance  for 
the  various  levels  of  modeling  complexity. 

References  16  to  20  give  detailed  descriptions  of  the  individual  electro¬ 
thermal  deicer  codes. 


CONCLUDING  REMARKS 

This  paper  has  reviewed  the  accomplishments  to  date  of  NASA  research 
efforts  related  to  helicopter  icing.  Some  suggestion  has  also  been  given  as 
to  future  planned  efforts.  The  two  major  areas  of  concentration  will  con¬ 
tinue  to  be  developing  advanced  rotor  ice  protection  concepts  and  developing/ 
validating  rotor  icing  analytical  and  experimental  simulation  methodologies. 
The  development  of  advanced  ice  protection  concepts  will  provide  the  helicop¬ 
ter  industry  with  alternatives  to  the  electrothermal  system  which  is  viewed 
by  many  to  be  two  expensive  and  too  heavy  and  to  require  too  much  power. 
Validated  analytical  and  experimental  simulation  methodologies  are  tools 
needed  by  the  industry  to  increase  their  understanding  of  the  rotor  icing 
problem  and  to  reduce  time  and  cost  associated  with  icing  certification/ 
qualification.  In  order  to  accomplish  a  timely  transfer  of  this  icing  tech¬ 
nology,  most  of  the  research  efforts  are  performed  jointly  with  industry 
through  either  formal  contracts  or  co-operative  programs. 
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FIGURE  6.-  CANADIAN  NATIONAL  RESEARCH  COUNCIL'S  OTTAWA  SPRAY  RIG. 


FIGURE  5.  -  MAIN  ROTOR  APPLICATION  OF  PNEUMATIC  DEICER 
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FIGURE  9.-  AH1  CORBA  ROTOR  SECTION  IN  NASA  IRT  WITH  LEADING  EDGE 
ICE  ACCRETION. 
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PREDICTED  TORQUE  RISE 


(B)  FORWARD  FLIGHT. 

FIGURE  13.-  COMPARISON  OF  PREDICTED  AND  MEASURED  TORQUE 
RISES  FOR  HOVER  AND  FORWARD  FLIGHT  ICING  CONDITIONS. 


824 


FIGURE  16.-  MODEL  HELICOPTER  INSTALLED  IN  TEXAS  ASM  7x10  LOW  SPEED 
WIND  TUNNEL, 
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OTTAWA  SPRAY  RIG  TEST  (PHASE  I) 


FIGURE  18.-  ELEMENTS  OF  HELICOPTER  ICING  FLIGHT  TEST  PROGRAM. 


FIGURE  19.-  SPANWISE  VARIATION  IN  ROTOR  ICE  SHAPES 
FOR  FLIGHT  E  OF  PHASE  I  TESTING. 


FIGURE  21.-  EPOXY  CASTING  AFFIXED  TO  UH-1H  ROTOR  SECTION. 
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FIGURE  22.-  DRY  WIND  TUNNEL  RESULT  FOR  "ICED"  AIRFOIL 
PERFORMANCE. 
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FIGURE  23.'  UH-1H  ROTOR  PERFORMANCE  DEGRADATION  DUE 
TO  ICING  FOR  FLIGHT  E  -  EXPERIMENTAL  AND  PREDICTED. 


FIGURE  HORSEPOWER  REQUIRED  TO  MAINTAIN  A  Cj  OF  O.OOM 
AS  A  FUNCTION  OF  ICING  TIME  -  CH47D  HELICOPTER  ROTOR 
BLADE.  HOVER  CONDITION. 
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FIGURE  27.-  ELECTROTHERMAL  DEICER  CODES. 
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FLIGHT  DYNAMICS  AND  CONTROLS  SESSION 
SUMMARY 


The  Flight  Dynamics  and  Controls  session  consisted  of  four  papers 
describing  progress  made  in  the  disciplines  concerned  with  piloted  control  of 
rotorcraft.  These  disciplines  are  centered  on  the  pilot's  ability  to  control 
the  dynamic  environment  of  a  rotorcraft,  and  including  modelling  these 
(!|ynamics  over  the  frequency  range  of  concern  to  the  pilot,  developing  flight 
control  methodologies  to  improve  those  dynamics,  determining  the 
pilot-centered  requirements  for  the  dynamics,  and  evaluating  mission 
effectiveness  of  the  combined  pilot-vehicle  system.  To  varying  degrees,  all 
of  the  papers  are  concerned  with  aspects  of  these  problems  and  progress  that 
has  been  made  through  NASA/ Army  research  in  the  past  decade. 

The  first  paper,  by  Chen,  Lebacqz,  Aiken,  and  Tischler,  reviews  the 
development  and  validation  of  flight  dynamics  models  for  use  in  real-time 
simulations  and  highlights  several  of  the  control  system  design  methodologies 
that  have  been  examined  in  the  rotorcraft  context.  A  key  point  from  the  paper 
is  that,  as  rotorcraft  are  required  to  perform  ever  more  demanding  missions, 
the  required  model  complexity  increases,  and  the  control  design  must  be 
carefully  integrated  with  an  appropriate  level  of  understanding  of  the 
relevant  dynamics.  The  second  paper,  by  Mihaloew,  Ballin,  and  Ruttledge, 
concentrates  on  one  aspect  of  this  required  integration,  which  is  integrated 
flight-propulsion  control,  and  demonstrates  that  successful  solutions  to  these 
complex  problems  really  require  a  "global"  or  integrated  modelling  and  design 
approach.  The  third  paper,  by  Nagel  and  Hart,  describes  the  pilot-centered, 
or  human  factors,  part  of  the  problem.  An  important  result  reviewed  here  is 
the  development  of  consistent  workload  measures  that  can  help  to  form  the 
basis  for  the  pilot-centered  requirements.  Finally,  the  fourth  paper,  by 
Aiken,  Lebacqz,  Chen,  and  Key,  is  concerned  with  integrated  pilot-vehicle 
analyses  and  experiments  and  reviews  the  progress  made  in  simulation 
capabilities  and  evaluations  of  rotorcraft  flying  qualities.  A  key  point  made 
here  is  that  ground  simulation  capabilities  have  improved  dramatically  in  the 
past  decade,  providing  the  basis  for  a  wealth  of  experimental  handling 
qualities  data,  but  that  this  research  requires  an  integrated  approach  which 
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Includes  not  only  analysis  and  ground  simulation  but  also  in-flight 
simulation,  with  the  last  element  being  of  fundamental  importance  to  the 
validation  of  the  technology. 

Taken  together,  the  papers  illustrate  the  tremendous  progress  made  in 
rotorcraft  flight  dynamics  and  control  in  the  past  decade.  Real-time  models 
have  gone  from  rudimentary  six- degree- of- freedom  versions  to  blade  element 
representations  that  are  sufficiently  accurate  to  permit  valid  examination  of 
specific  vehicle  problems.  Ground  simulation  hardware  has  improved  from 
limited  or  no-motion  platforms  with  a  single  window  terrain  board  visual  scene 
to  an  extensive  motion  capability  with  broad  field-of-view  potential.  The 
handling  qualities  data  base  for  near-earth  operations  has  gone  from  nil  to 
extensive,  and  new  handling  qualities  requirements  for  military  and  civil 
operations  have  been  developed.  Finally,  flight  validated  rotorcraft  dynamics 
and  handling  qualities  information  has  been  obtained  to  provide  anchor  points 
for  the  progress  made  in  the  modelling,  controls,  and  flying  qualities  areas. 

The  lessons  for  the  future  are  also  clear.  A  variety  of  interactive 
elements  concerning  dynamics,  controls,  and  human  factors  must  be  considered 
during  the  rotorcraft  design  process.  Because  of  increasingly  demanding 
missions  for  rotorcraft,  such  as  air-to-air  combat  or  automated 
nap-of-the-earth,  the  degree  of  interaction  of  these  elements  has  increased 
markedly.  The  review  of  the  past  decade  presented  in  these  papers  shows  that 
these  interactive  elements  must  be  considered  in  an  integrated  fashion  to 
provide  a  successful  mission  capability,  but  the  increased  complexity  caused 
by  the  increased  interaction  cannot  be  adequately  addressed  with  current 
knowledge  and  techniques.  A  considerable  extension  is  therefore  required  to 
perform  the  integration  of  these  elements  for  these  new  design  situations,  and 
the  goal  for  the  next  decade  must  be  to  provide  these  integration  technologies 
and  to  validate  them  through  ground  and  in-flight  simulation. 
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SUMMARY 


Progress  made  in  joint  NASA/Army  research  concerning  rotorcraft  flight-dynamics 
modeling,  design  methodologies  for  rotorcraft  flight-control  laws,  and  rotorcraft 
parameter  identification  is  reviewed  in  this  paper.  Research  into  these  interactive 
disciplines  is  needed  to  develop  the  analytical  tools  necessary  to  conduct  flying 
qualities  investigatins  using  both  the  ground-based  and  in-flight  simulators,  and  to 
permit  an  efficient  means  of  performing  flight  test  evaluation  of  rotorcraft  flying 
qualities  for  specification  compliance.  The  need  for  the  research  is  particularly 
acute  for  rotorcraft  because  of  their  mathematical  complexity,  high  order  dynamic 
characteristics,  and  demanding  mission  requirements.  The  research  in  rotorcraft 
flight-dynamics  modeling  is  pursued  along  two  general  directions:  generic  nonlinear 
models  and  nonlinear  models  for  specific  rotorcraft.  In  addition,  linear  models  are 
generated  that  extend  their  utilization  from  1-g  flight  to  high-g  maneuvers  and 
expand  their  frequency  range  of  validity  for  the  design  analysis  of  high-gain  flight 
control  systems.  A  variety  of  method  ranging  from  classical  frequency-domain 
approaches  to  modern  time-domain  control  methodology  that  are  used  in  the  design  of 
rotorcraft  flight  control  laws  is  reviewed.  Also  reviewed  is  a  study  conducted  to 
investigate  the  design  details  associated  with  high-gain,  digital  flight  control 
systems  for  combat  rotorcraft.  Parameter  identification  techniques,  both  frequency- 
and  time-domain  approaches,  developed  for  rotorcraft  applications  are  reviewed.  The 
paper  describes  the  results  of  both  the  in  house  research  and  other  related  efforts 
via  contracts  to  industry,  grants  to  universities,  and  international  collaborative 

programs . 


INTRODUCTION 


This  paper  summarizes  the  results  of  the  Joint  NASA/ Army  efforts  in  the  devel¬ 
opment  of  the  helicopter  math  models  and  the  flight  control  laws  for  handling- 
qualities  research  using  both  the  ground-based  and  in-flight  simulators  at  Ames 
Research  Center  (ARC).  The  paper  also  discusses  the  development  of  state  estimation 
and  parameter  identification  techniques  using  flight  test  data.  These  techniques 
provide  a  capability  to  improve  the  fidelity  of  the  math  models  and  permit  an 
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efficient  means  of  conducting  flight  test  evaluation  of  helicopter  flying  qualities 
for  specification  compliance. 

Efforts  began  in  1975  to  develop  a  generic  flight-dynamics  model  suitable  for 
real-time  simulation  motivated  primarily  by  the  need  to  conduct  piloted  ground-based 
simulation  to  determine  the  helicopter  handling  qualities  requirements  for  the 
Army's  new  doctrine  of  nap-of-the-Earth  (NOE)  operations  and  for  airworthiness 
standards  for  civil  operations  in  the  terminal  area.  Efforts  were  also  directed  at 
developing  simpler  math  models  expressly  for  use  in  the  investigation  of  control  and 
display  laws  to  enhance  the  capability  of  military  helicopters  to  perform  NOE  mis¬ 
sions  under  night/adverse  weather  conditions  or  to  conduct  aerial  combat.  In  addi¬ 
tion,  simulation  models  for  the  UH-1H  VSTOLAND  and  the  variable-stability  CH-47B 
research  helicopter  were  developed  to  support  the  in-flight  research  programs  using 
the  two  aircraft. 

Until  1981,  these  analytical  flight-dynamics  math  models  were  developed  mainly 
for  use  on  the  Ames  ground  simulators  which  at  that  time  had  only  a  moderate  level 
of  computational  speed  and  capacity,  typical  of  the  Xerox  Sigma  class  of  digital 
computers.  To  stay  within  a  reasonable  computational  cycle  time,  the  frequency 
range  of  applicability  of  these  simple  models  was  somewhat  limited.  They  included 
at  most  the  flapping-dynamics  and  the  main  rotor  rotational-speed  degrees  of  freedom 
(DOF),  in  addition  to  the  basic  6  DOF  of  the  rigid-body  dynamics.  With  the  intro¬ 
duction  of  a  CDC  7600  machine  dedicated  to  the  Vertical  Motion  Simulator  (VMS)  in 
1982,  the  level  of  sophistication  of  the  helicopter  flight-dynamics  models  was 
expanded  both  in  the  calculation  of  the  aerodynamic  forces  and  moments  and  in  the 
number  of  degrees  of  freedom  in  the  model.  Details  in  the  simulation  for  the  engine 
and  its  fuel  control  system  were  also  expanded  to  be  compatible  with  the  level  of 
sophistication  of  the  simulation  for  the  airframe  and  its  flight  control  system. 
These  high-frequency,  full-flight-envelope  real-time  simulation  models  for  the 
aircraft/engine  systgem  were  validated  with  flight  test  data  and  were  used  to  exam¬ 
ine  helicopter  flight  characteristics  near  the  boundaries  of  the  operational  flight 
envelopes.  They  were  also  used  as  a  basis  for  an  investigation  of  potential  bene¬ 
fits  of  integrating  flight  and  propulsion  controls. 

To  provide  for  design  analyses  of  control  and  display  laws,  linear  models  were 
generated  from  the  nonlinear  simulation  models.  In  particular,  a  new  procedure  was 
developed  to  permit  linearization  from  a  nonlinear  model  that  simulates  a  coordi¬ 
nated  or  uncoordinated,  steep,  high-g  turn.  This  new  analytical  procedure  was  used 
to  systematically  examine  the  rotorcraft  coupling  characteristics  in  high-g  turns, 
the  significance  of  the  direction  of  turns  for  single-rotor  helciopters,  and  the 
impact  of  high-g  maneuvers  on  the  performance  of  the  stability-and-control- 
augmentation  systems.  In  addition  to  extending  the  linear  model  from  1-g  flight  to 
high-g  maneuvers,  the  frequency  range  of  validity  of  the  linear  model  was  also 
expanded  by  including  high-order  effects  such  as  rotor  and  inflow  dynamics.  These 
high-order  models  were  used  in  the  analytical  and  flight  investigation  of  the  influ¬ 
ence  of  rotor  and  other  high-order  dynamics  on  helicopter  flight-control-system 
bandwidth. 
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Several  methods  have  been  used  to  design  helicopter  flight  control  laws  for 
handling-qualities  investigations.  Early  on,  classical  frequency -domain  methods 
were  used  in  the  design  of  control  laws  to  provide  a  variety  of  control  response 
characteristics  for  experimental  determination  of  their  suitability  for  various 
mission  tasks.  Time-domain,  linear  quadratic  regulator  theory  was  subsequently 
applied  to  the  design  of  a  high  performance  stability-and-control-augmentation 
system  for  a  hingeless  rotor  helicopter  to  be  used  for  piloted  evaluation  on  a 
ground-based  simulator.  The  linear  quadratic  regulator  (LQR)-based,  low-order 
compensation  method  developed  at  Stanford  University  was  applied  to  the  design  of  a 
hover  hold  system  for  the  CH-47  research  helicopter  and  was  evaluated  in  flight  on 
that  aircraft.  An  optimal  cooperative-control  synthesis  method  developed  originally 
for  fixed-wing  aircraft  at  Purdue  University  which  includes  an  optimal  pilot  model 
in  the  design  procedure,  was  extended  and  applied  to  a  CH-47  helicopter  and  was 
evaluated  in  a  piloted  ground-based  simulation.  In  collaboration  with  industry, 
advanced  control  laws  were  developed  for  the  Advanced  Digital /Optical  Control  System 
(ADOCS)  demonstrator  helicopter  based  on  single-axis  model-following  control  con¬ 
cepts.  A  multivariable  model-following  control  system  was  developed  for  the 
variable-stability  CH-47B  to  enhance  its  in-flight  simulation  capability.  In 
addition,  problems  associated  with  the  design  and  implementation  of  high-bandwidth 
digital  control  systems  for  combat  rotorcraft  were  investigated  in  order  to  reduce 
the  cost  and  time  involved  in  control  system  modifications  or  redesigns  often 
required  during  the  flight  test  phase  of  a  development  program. 

It  is  essential  that  the  mathematical  models  for  real  time  simulations  or  for 
analyses  and  syntheses  of  flight  control  laws  be  evaluated  based  on  comparison  with 
flight  test  data.  To  determine  how  well  a  simulation  model  represents  the  real 
rotorcraft,  the  trim  characteristics  and  the  response-time  histories  from  flight 
tests  must  be  compared  with  those  predicted  from  the  model.  If  the  comparison 
between  the  test  and  the  calculated  data  is  clearly  unacceptable,  the  correlation 
must  be  improved.  This  can  be  achieved  through  the  use  of  parameter  identification 
techniques.  The  development  of  parameter  identification  techniques  suitable  for 
rotorcraft  application  has  also  been  an  active  area  of  research  at  ARC;  these  tech¬ 
niques  have  used  both  time-  and  frequency-domain  approaches. 

In  the  following  sections,  the  results  of  both  the  in-house  research  and  the 
related  efforts  via  contracts  to  industry,  grants  to  universities,  and  international 
collaborative  programs  are  described. 


REAL-TIME  FLIGHT  DYNAMICS  MATHEMATICAL  MODELS  FOR  ROTORCRAFT 


The  development  of  rotorcraft  flight  dynamics  math  models  at  ARC  has  been 
prompted  primarily  by  the  need  for  real-time,  piloted  ground-based  simulation.  The 
complexity  of  a  rotorcraft  math  model  for  real-time,  pilot-in-the-loop  simulation 
depends  on  the  purpose  for  which  the  model  is  to  be  used.  The  math  model  complexity 
may  be  conveniently  classified  using  the  two  major  factors:  (1)  levels  of  detail  in 
representing  the  dynamics  of  the  rotorcraft  and  (2)  levels  of  sophistication  in 
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calculating  the  rotorcraft  forces  and  moments,  especially  for  the  rotor  systems. 

The  first  factor  determines  the  validity  of  the  model  in  terms  of  the  frequency 
range  of  applicability.  For  digital  computation  in  a  real-time  simulation,  the 
frequency  range  of  interest  sets  the  maximum  permissible  cycle  time.  The  second 
factor  determines  the  domain  of  validity  in  the  flight  envelope  of  the  rotorcraft. 
These  two  factors  together  dictate  the  requirements  for  simulation  computer  hard¬ 
ware,  software,  and  programming  techniques. 

Table  1  shows  a  list  of  rotorcraft  math  models  for  pilot- in- the-loop  simula¬ 
tions.  Depending  on  specific  applications,  these  models  reflect  differing  levels  of 
completeness  in  representing  the  aerodynamics  and  rotor  dynamics.  The  term  linear 
aerodynamics  implies  simplications  such  as  small  angles  of  flapping  and  inflow,  and 
use  of  simple  strip  theory  with  no  consideration  of  compressibility  or  stall. 

Models  with  such  simplifications  can  be  used  for  exploratory  investigations  of 
handling  qualities  of  a  generic  nature  within  limited  regions  of  the  flight  enve¬ 
lope.  However,  for  investigations  involving  exploration  to  the  edges  of  the  flight 
envelope,  then  even  in  generic  studies  the  effects  of  compressibility,  stall,  and 
other  nonlinearities  must  be  included.  Also,  nonlinear  effects  must  be  included  in 
the  simulations  whenever  the  characteristics  of  specific  rotorcraft  are  investi¬ 
gated.  The  rotor  dynamic  modes  include  flap,  lag,  rpm,  and  inflow  degrees  of  free¬ 
dom.  These  rotor  dynamic  modes  are  generally  of  much  higher  frequency  than  those  of 
the  rigid-body  modes.  The  most  important  rotor  dynamic  mode  with  regard  of  the 
interaction  with  the  rigid-body  modes  is  the  flapping-regressing  mode;  therefore,  it 
is  generally  included  in  flight  dynamics  simulation  studies.  However,  for  simula¬ 
tion  investigations  involving  the  use  of  high-gain  feedback  control,  the  inclusion 
of  lag  and  other  degrees  of  freedom  may  also  be  required. 

The  math  model  development  has  been  pursued  along  the  two  general  directions: 
generic  models  and  models  for  specific  rotorcraft. 


Generic  Models 

Efforts  began  in  1975  to  develop  a  simplified  generic  flight-dynamic  model  for 
exploratory  pilot-in-the-loop  simulation  investigations  on  ground-based  simulators 
that  at  that  time  had  only  moderate  computational  speed  and  capacity,  typical  of  the 
Xerox  Sigma  class  of  digital  computers.  To  stay  within  a  reasonable  computational 
cycle  time  (on  the  order  of  40  ms),  the  frequency  range  of  applicability  of  the 
model  was  necessarily  limited.  It  included  only  the  flapping  dynamics  and  the  main 
rotor  rotational  degrees  of  freedom,  in  addition  to  the  basic  6  DOF  of  the  rigid- 
body  dynamics.  The  overall  arrangement  of  the  simulation  model,  which  is  called 
"ARMCOP”  (refs.  1-3)  is  shown  in  figure  1.  The  model  elements  are:  (1)  main  rotor, 
(2)  tail  rotor,  (3)  empennage,  (4)  fuselage,  (5)  engine-dynamics-and-rpm  governor, 
and  (6)  control  systems.  The  model  elements  denoted  Tj^  in  figure  1  are  required 
to  achieve  transfer  of  velocities,  forces,  and  moments  from  one  axis  sytem  to 
another. 

The  main  rotor  model  assumes  rigid  blades  with  rotor  forces  and  moments  radi¬ 
ally  integrated  and  summed  about  the  azimuth,  using  essentially  linear  aerodynamics 
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as  discussed  earlier.  The  flapping  equations  of  motion  explicitly  contain  the 
primary  design  parameters,  namely:  flapping-hinge  restraint,  hinge  offset,  blade 
Lock  number,  and  pitch- flap  coupling.  The  tail  rotor  is  assumed  to  be  a  teetering 
rotor  without  cyclic  pitch  and  without  including  the  tip-path  plane  dynamics.  The 
empennage  aerodynamics  are  modeled  with  a  lift-curve  slope  between  stall  limits  and 
a  general  curve  fit  for  large  angles  of  attack.  The  fuselage  aerodynamic  model  uses 
a  detailed  representation  over  a  nominal  angle  of  attack  and  sideslip  range  of  ±15  , 
and  it  uses  a  simplified  curve  fit  at  large  angle  of  attack  or  sideslip.  The  heli¬ 
copter  model  has  a  generalized  control  system,  as  shown  in  figure  2,  which  accepts 
inputs  from  the  pilot,  facilitates  control  augmentation  and  stability  augmentation, 
and  provides  for  mechanical  control  mixing  or  phasing  of  the  cyclic  inputs.  In 
addition,  a  simplified  engine/governor  model,  atmospheric  turbulence,  and  a  linear¬ 
ized  six-degree-of-f reedom  dynamic  model  for  stability  and  control  analysis  are 
included. 

Some  improvements  have  been  made  to  this  model  to  permit  piloted  simulator 
investigations  of  the  engine-out  operations  (refs.  4,  5).  The  model  has  been 
expanded  to  include  representation  of  some  of  the  aerodynamic  effects  of  low  speed, 
low  altitude,  and  steeply  descending  flight  (refs.  6,  7).  The  effect  of  low-speed, 
low-altitude  flight  on  main  rotor  downwash  was  obtained  by  assuming  a  uniform-plus- 
first-harmonic  inflow  model  and  then  by  using  wind  tunnel  data  in  the  form  of  hub 
loads  to  solve  for  the  inflow  coefficients.  The  results  are  given  as  a  set  of 
tables  for  the  inflow  coefficients  as  functions  of  ground  proximity,  angle  of 
attack,  and  airspeed.  For  steep  descending  flight  in  the  vortex-ring  state,  the 
aerodynamic  effects  were  modeled  by  replacing  the  steady  induced  downwash  derived 
from  momentum  theory  with  an  experimentally  derived  value  and  by  including  a  thrust- 
fluctuation  effect  caused  by  vortex  shedding.  The  induced  downwash  and  magnitude  of 
the  thrust  fluctuations  were  represented  as  functions  of  angle  of  attack  and 
airspeed. 

This  model  has  been  used  extensively  in  experimental  design  analyses  and 
ground-simulator  investigations  of  helicopter  handling  qualities  for  NOE  operations 
(ref.  8),  for  helicopter  air  combat  (refs.  9,  10),  and  for  civil  operations  in  the 
terminal  area  (refs.  11-13).  The  model  has  also  been  modified  and/or  configured  to 
simulate  other  specific  helicopters  for  handling  qualities  and  flight  control 
research  within  government  agencies,  in  industry,  and  in  the  university.  Continuing 
improvements  of  the  model  have  been  sought  through  grants  in  the  areas  of  aerody¬ 
namic  representation  in  ground  proximity  (refs.  14-16)  for  research  in  NOE  mission 
tasks  and  of  dynamics  details  to  expand  the  frequency  range  of  applicability  of  the 

model. 

A  simpler  generic  model  (called  "THAN")  was  developed  for  use  as  the  simulation 
model  for  the  opponent  (red)  helicopter  in  the  first  helicopter-air-combat  simula¬ 
tion  at  ARC  (ref.  9).  Because  of  computer  capacity  limits,  the  model  was  required 
to  be  relatively  simple.  Even  so,  it  is  capable  of  realistic  maneuvers  at  hover,  of 
low  speeds,  and  in  forward  flight,  and  is  easy  to  fly  with  a  simple  set  of  control¬ 
lers.  The  model  uses  quasi-static  linear  stability  and  control  drivatives  for  its 
aerodynamic  representation,  but  it  also  uses  the  complete  nonlinear  kinematic  and 
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gravitational  terms.  When  configured  for  the  simulation  of  the  red  helicopter,  it 
had  the  following  specific  characteristics:  an  attitude  command  system  for  pitch 
and  roll  at  hover  and  for  low-speed  flight;  and  an  altitude-rate  command  and  a  yaw- 
rate  command  system  in  the  vertical  and  directional  axes,  respectively.  In  forward 
flight,  the  pitch  and  roll  axes  were  transformed  into  angular  rate  command  systems 
while  the  directional  axis  provided  an  automatic-turn-coordination  feature.  The 
model  is  very  easy  to  modify  to  achieve  other  desired  stability-and-control  response 
characteristics,  and  as  such  it  was  used  extensively  as  both  the  blue  and  red  heli¬ 
copters  in  the  subsequent  helicopter  air-combat  simulations  (ref.  17).  In  addition, 
it  is  currently  being  used  in  helicopter  human-factors  laboratory  experiments  and 
simulations. 


Specific  Rotorcraft  Math  Models 

Several  flight-dynamics  models  for  specific  rotorcraft  have  also  been  developed 
in-house  or  Jointly  with  the  manufacturers.  Some  of  these  were  developed  by  modify¬ 
ing  the  generic  ARMCOP  model  described  earlier.  Other  models  such  as  UH-1H,  CH-47B, 
UH-60,  AH-64A,  and  XV- 15  were  developed  separately.  These  math  models  are  briefly 
described  below. 

UH-60  ARMCOP-  The  ARMCOP  model  was  modified  to  allow  the  simulation  of  the 
UH-60  Black  Hawk  helicopter  (ref.  18).  This  model  has  been  used  for  piloted  simula¬ 
tor  investigations  of  advanced  flight  control  systems  for  Army  helicopters  (ref.  19) 
and  a  Navy-sponsored  piloted  simulation  of  shipboard  landings  using  the  SH-60  Sea 
Hawk  (ref.  20).  The  modifications  included  the  effects  of  a  canted  tail  rotor,  a 
variable-incidence  horizontal  stabilator,  and  the  UH-60  pitch-bias  actuator.  In 
addition,  the  ARMCOP  fuselage  model  was  significantly  modified  to  incorporate  UH-60 
fuselage  aerodynamics,  based  upon  extensive  wind-tunnel  test  data,  and  a  represen¬ 
tation  of  the  UH-60  engine  and  governor  dynamics  implemented  using  the  generic  model 
available  in  ARMCOP. 

UH-1H/VST0LAMD  and  BO- 105  S3  ARMCOP-  As  part  of  a  joint  research  program  of  the 
U.S.  Army  and  the  German  Aerospace  Research  Establishment  (DFVLR),  under  the  Heli¬ 
copter  Flight  Controls  Memorandum  of  Understanding  (MOU),  a  multivariable  model¬ 
following  control  system  (MFCS)  has  been  developed  for  use  in  flight  research.  In 
the  process  of  developing  the  MFCS,  the  performance  of  the  system  was  first  evalu¬ 
ated  on  a  ground-based  simulator  at  Ames  using  two  helicopter  models  which  have 
large  differences  in  flight  dynamics  and  control  characteristics  as  well  as  in 
control  system  actuators.  One  of  these  is  the  NASA/Army  UH-1H  V/STOLAMD  helicopter 
and  the  other  the  DFVLR  BO-105  S3  helicopter.  Figures  3  through  6  from  reference  21 
show  the  typical  control  systems  and  the  actuating  systems  of  the  two  helicopters. 

The  generic  ARMCOP  model  was  configured  to  simulate  the  flight  dynamic  characteris¬ 
tics  of  these  two  aircraft  and  the  specifics  of  their  control  and  actuator  sys¬ 
tems.  In  addition,  the  generic  simple-engine  dynamic  model  resident  in  the  ARMCOP 
(fig.  7a)  was  configured  to  simulate  the  BO-105's  engine  and  governor  dynamics 
(fig.  7b),  since  its  rotor  rpm  dynamics  and  limits  have  a  strong  impact  on  the 
collective  rate  limit  allowable  for  the  BO-105  S3  helicopter  (ref.  21). 
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A 109  ARMCOP-  Under  the  MOU  between  the  U.S.  Army  and  Italy,  the  ARMCOP  model  is 
being  configured  to  simulate  the  flight  dynamics  of  an  Agusta  A109  helicopter. 

Efforts  have  been  made  to  correlate  the  A 109  ARMCOP  model  with  the  flight  test  data 
from  the  A109K  tests  conducted  during  the  spring  of  1986  in  Italy.  Current  efforts 
include  the  development  of  the  A109  digital  SCAS  for  inclusion  in  the  A109  ARMCOP 
model  and  the  preparation  for  a  piloted  simulation  on  the  VMS  at  ARC. 

AH-64A/OH-58D-  A  model  of  the  AH-64  Apache  helicopter  (ref.  22)  was  developed 
as  part  of  an  investigation  of  its  control  system  and  display  requirements 
(ref.  23).  The  model  initially  consisted  of  six  degree-of-freedom  equations  of 
motion  with  a  full  set  of  nonlinear  gravitational  and  inertial  terms.  The  aerody¬ 
namic  forces  and  moments  are  expressed  as  the  reference  values  and  first-order  terms 
of  a  Taylor  series  expansion  about  a  reference  trajectory  defined  as  a  function  of 
longitudinal  airspeed.  This  particular  model  allowed  a  simulation  valid  for  small 
perturbations  from  level  flight  conditions  for  an  airspeed  range  of  -40  to 
160  knots.  Aerodynamic  force  and  moment  data  in  the  form  of  trim  conditions  as  well 
as  stability  and  control  drivatives  were  supplied  by  the  manufacturer.  Subse¬ 
quently,  the  same  model  was  used  as  the  basis  for  a  piloted  simulator  investigation 
of  certain  characteristics  of  the  AH-64  Back-Up  Control  System  (ref.  24). 

A  similar  technique  was  employed  to  generate  a  simulation  model  of  the  0H-58D 
helicopter  for  a  simulator  investigation  of  directional  control  problems  and 
requirements  (ref.  25).  In  this  case,  the  required  aerodynamic  force  and  moment 
data  were  generated  using  an  off-line  ARMCOP  representation  of  that  aircraft  based 
upon  input  data  supplied  by  the  Army  and  the  manufacturer .  The  model  was  further 
modified  to  include  rotor  RPM  degree-of-freedom  and  certain  nonlinear  yaw-damping 
and  control-sensitivity  effects  which  were  modeled  as  functions  of  relative  wind 
magnitude  and  direction. 

UH-1H  ("UNCLE”)  Model-  A  model  of  a  Bell  UH-1H  helicopter  was  developed  specif¬ 
ically  for  use  in  flight  dynamics  investigations  and  for  simulation  of  terminal-area 
guidance  and  navigation  tasks  (ref.  26).  It  has  been  used  in  simulations  for  the 
development  of  software  for  the  navigation  and  guidance  programs  associated  with  an 
avionics  system  known  as  V/STOLAND  (ref.  27)  and  for  a  simulator  investigation  of 
the  effects  of  failures  of  the  stability  augmentation  system  (ref.  28).  The  model 
uses  a  quasi-static,  main-rotor  forces  and  moments  representation  similar  to  that  of 
the  classical  Bailey-Wheatley  type,  and  uses  simple  expressions  for  the  contribu¬ 
tions  of  the  tail  rotor,  fuselage,  and  empennage. 

CH-47B  Model-  Similar  to  the  UNCLE  model,  this  model  was  developed  for  use  in 
real-time  piloted  ground-based  simulations  to  support  the  in-flight  research  pro¬ 
grams  using  the  variable-stability  CH-47B  research  helicopter.  This  nonlinear 
simulation  model  developed  by  the  Boeing  Vertol  company  (ref.  29)  has  been  adapted 
for  use  in  the  ARC  simulation  facility  (ref.  30).  It  is  implemented  in  the  ARC 
Sigma  IX  computer  where  it  is  operated  with  a  digital  cycle  time  of  about  30  msec. 
The  model  uses  a  total-force  approach  in  six  rigid-body  DOF;  steady-state  tip-path 
plane  solutions  for  rotor  flapping  dynamics  form  the  basis  for  the  simulation  of  the 
rotors  in  this  model.  The  model  also  includes  an  option  for  simulation  of 
externally  suspended  slung-load  equations  of  motion.  This  model  option,  along  with 
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detailed  slung-load  equations  of  motion  developed  in-house  (ref.  31),  will  expedite 
research  in  areas  related  to  sling-load  operations.  The  CH-47B  model  has  been  used 
in  conjunction  with  flight  research  conducted  on  the  CH-47B  research  helicopter  to 
develop  a  multivariable  model-following  control  system  (ref.  32)  and  to  verify, 
in-flight,  a  control-system-design  method  using  modern  control  theory  (ref.  33). 
These  research  activities  related  to  the  control  laws  development  are  further 
discussed  later  in  the  paper. 

UH-60  (GENHEL)-  As  part  of  a  Joint  Army/NASA  program  for  ground-based  simulator 
validation,  a  blade-element  simulation  model  for  the  UH-60  Black  Hawk  was  acquired 
from  Sikorsky  Aircraft  (ref.  34).  Unlike  all  the  other  models  discussed  previously, 
which  were  developed  expressly  for  use  on  ground  simulators  which  had  only  a  moder¬ 
ate  level  of  computational  speed  and  capability  (such  as  the  Xerox  Sigma  class  of 
digital  computers),  the  Black  Hawk  model  was  intended  for  implementation  on  a 
CDC  7600  computer,  which  is  a  much  more  powerful  machine  than  a  Sigma  computer.  The 
UH-60  GENHEL  model  acquired  from  Sikorsky  includes  six  rigid-body  DOF  as  well  as  the 
main  rotor  flapping,  lagging,  air  mass,  and  hub-rotational-speed  DOF.  It  is  a  blade 
element  model,  rather  than  a  total  force -and -moment  model,  and  as  such,  it  covers 
the  full  range  of  angles  of  attack,  sideslip,  and  inflow,  without  using  small-angle 
assumptions.  From  this  model,  the  computer  code  was  written  to  execute  in  real  time 
on  the  CDC  7600  computer  (dedicated  to  the  VMS).  In  addition,  fidelity  of  the  model 
has  been  improved  considerably  by  NASA  (ref.  35),  notably  in  the  area  of  engine  and 
drive  train  modeling.  Figure  8  taken  from  ref.  35  shows  a  block  diagram  representa¬ 
tion  of  the  simulation  elements  and  their  interactions.  This  improved  high- 
frequency,  full  flight-envelope,  real-time  simulation  model  has  been  used  to  conduct 
the  Black  Hawk  accident  simulation  investigations  on  the  VMS.  It  also  serves  as  a 
basis  to  investigate  potential  benefits  of  integrating  flight  and  propulsion  con¬ 
trols  (refs.  36,  70). 

Other  Rotorcraft  Mathematical  Models-  Also  available  at  ARC  are  several  spe¬ 
cific  rotorcraft  math  models  developed  for  real-time  simulation  in  a  variety  of 
projects.  They  include  a  math  model  for  SH-2F  (ref.  37),  one  for  SH-3G  (ref.  38), 
one  for  RSRA  (ref.  39),  and  a  math  model  for  the  XV-15  (ref.  40).  The  XV-15  simula¬ 
tion  model,  in  addition  to  extensive  use  during  the  development  phase  of  the  air¬ 
craft,  has  been  utilized  in  the  ground  simulator  investigation  of  VTOL  instrument 
flight  rules  airworthiness  criteria  (ref.  41).  The  model,  along  with  some  other 
models  described  previously  has  also  been  used  in  the  investigations  of  high-g 
flight  dynamics  and  high-order  dynamic  effects  to  be  discussed  next. 


SMALL  PERTURBATION  FLIGHT  DYNAMICS 


Traditionally,  the  standard  equations  of  airplane  motion  for  small-disturbances 
from  steady,  symmetrical,  rectilinear  1-g  flight  as  the  reference  flight  condition 
(refs.  42,  43)  have  been  the  basis  for  stability  and  control  analyses,  handling- 
qualities  specifications  (refs.  44-47),  and  design  analyses  of  the  stability-and- 
control-augmentation  system  (SCAS)  for  rotorcraft.  However,  modern  military 
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rotorcraft  are  now  being  designed  with  a  view  toward  expanding  their  roles  in 
tactical  missions  such  as  combat  rescue,  antitank,  and  air-to-air  operations  that 
require  high-g  maneuvers  that  make  frequent  excursions  to  the  limits  of  their 
maneuvering  flight  envelopes.  Therefore,  a  new  analytical  framework  is  needed  to 
permit  a  systematic  examination  of  the  flight  dynamics  and  control  characteristics 
of  the  basic  aircraft  and  its  SCAS  to  ensure  that  the  overall  aircraft-SCAS  system 
will  perform  satisfactorily,  not  only  in  operations  near  1-g  flight  but  also  in 
high-g  maneuvers. 

A  fundamental  characteristic  associated  with  a  rotorcraft  with  increasing  load 
factor  in  high-g  maneuvers  is  an  increase  in  control  effectiveness  and  damping, 
particularly  in  the  pitch  and  roll  axes.  The  extent  of  the  increase  depends,  to  a 
large  measure,  on  the  main  rotor  hub  design.  For  a  teetering-rotor  helicopter,  the 
control  in  pitch  and  roll  is  almost  entirely  through  tilting  the  thrust  vector  of 
the  main  rotor;  therefore,  the  increase  in  control  effectiveness  in  these  two  axes 
is  directly  proportional  to  the  load  factor.  At  the  other  extreme,  for  a  hingeless 
rotor  the  increase  is  much  less  because  the  direct  hub  moment,  which  produces  most 
of  the  control  power,  is  independent  of  the  thrust  level  of  the  rotor  system.  The 
increase  in  the  control  effectiveness  with  the  load  factor  has  an  obvious  effect  on 
the  selection  of  the  SCAS.  Further,  interaxis  cross-coupling,  such  as  pitch,  roll, 
and  yaw,  that  results  from  collective  inputs  and  pitch-roll  coupling  which  results 
from  aircraft  angular  rates,  also  changes  with  load  factor.  The  ramifications  of 
these  variations  in  stability-and-control  characteristics  for  the  handling  qualities 
and  the  design  of  SC As  needed  to  be  considered. 

In  addition  to  this  extension  of  the  linear  model  to  high-g  maneuvers,  the 
frequency  range  of  validity  of  the  linear  model  must  also  be  expanded  for  the  design 
analysis  of  high-gain  FCSs  for  rotorcraft  to  meet  the  requirements  for  demanding 
mission  tasks  such  as  NOE  flight  and  aerial  combat.  In  the  design  analysis  of  such 
high-gain  control  systems,  it  is  now  essential  that  high-order  dynamics  of  the 
system  components  be  adequately  modeled,  in  contrast  to  past  practice  in  which  only 
the  lower-frequency,  quasi-static,  rigid-body  flight  dynamics  were  used  in  the 
design  of  low-gain  FCSs.  Recent  flight  investigations  that  used  a  variable- 
stability  CH-47B  research  helicopter  at  ARC  showed  that  not  only  high-order  elements 
such  as  rotor  dynamics  are  required  (refs.  48,  49,  32),  but  also  other  high-order 
effects  such  as  dynamics  of  sensor  filters,  servo  actuators,  and  data  processing 
delays  of  the  airborne  computer  must  also  be  adequately  modeled. 

Inclusion  of  the  air-mass  dynamics  associated  with  a  lifting  rotor  has  also 
been  shown  in  recent  studies  (refs.  49,  51)  to  be  important  in  the  design  of  high- 
gain  FCSs.  The  frequencies  of  the  inflow  dynamic  modes  are  the  same  order  of  magni¬ 
tude  as  those  of  the  rotor  blade  flapping  and  lead-lag  modes;  therefore,  the  dynamic 
inflow  has  a  significant  influence  on  the  aeromechanic  stability  of  the  rotor  sys¬ 
tem.  In  the  following  sections,  we  will  first  discuss  the  linearization  of  the 
rotorcraft  motion  about  a  curved  flightpath  as  a  reference  flight  conditions,  fol¬ 
lowed  by  a  discussion  of  the  high-order  dynamics. 
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Linearization  of  Rotorcraft  Motion  About  Steady  High-g  Turns 

Small-perturbation  equations  of  motion  about  a  generic  curved  flightpath  will 
result  in  a  set  of  linear  time-varying  differential  equations  which  generally  is 
difficult  to  operate  and  to  interpret.  However,  if  the  reference  flightpath  is 
chosen  to  be  a  steady  turn,  then  the  resultant  small-perturbation  equations  of 
motion  will  be  a  set  of  linear  time-invariant  differential  equations,  similar  to 
those  obtained  from  steady  rectilinear  1-g  flight  as  the  reference  flight  condition 
most  commonly  employed  (e.g.,  refs.  42,  43).  Before  perturbation  operations  are 
applied,  the  steady  reference  flight  conditions  must  be  established  first. 

Algorithms  have  been  developed  (refs.  52-54)  that  permit  efficient  computations 
of  1)  aircraft  states  and  control  positions  in  coordinated  steady,  steep  turns  and 
2)  the  associated  small-perturbation  equations  of  motion.  In  developing  these 
algorithms,  special  attention  was  given  to  the  influence  of  sideslip  which  normally 
exists  in  asymmetrical  rotorcraft  in  coordinated  turns  as  discussed  previously. 

Using  these  algorithms,  a  study  was  conducted  to  investigate  the  static  and  dynamic 
characteristics  of  several  rotorcraft  in  coordinated,  steep,  high-g  turns 
(ref.  55).  The  results  indicate  1)  that  strong  coupling  in  longitudinal  and  lat¬ 
eral-directional  motions  exists  for  rotorcraft  in  coordinated,  high-g  turns,  2)  that 
for  single-rotor  helicopters,  the  direction  of  turn  has  a  significant  influence  on 
flight  dynamics,  and  3)  that  an  SCAB  that  is  designed  on  the  basis  of  standard 
small-disturbance  equations  of  motion  from  steady,  straight,  and  level  flight  and 
that  otherwise  performs  satisfactorily  in  operations  near  1  g  becomes  significantly 
degraded  in  steep,  turning  flight. 

For  some  operations,  such  as  in  aerial  combat,  turns  may  intentionally  be  flown 
uncoordinated  to  reduce  the  turn  radius.  To  investigate  the  extent  to  which  the 
static  and  dynamic  characteristics  of  asymmetric  and  symmetric  rotorcraft  in  steep 
turns  are  influenced  by  the  levels  and  direction  of  uncoordination,  the  algorithm 
developed  expressly  for  coordinated  turns  was  extended  (ref.  56)  to  permit  an  effi- 
cient  computation  of  the  trim  states  and  control  positions  in  a  general,  uncoordi¬ 
nated  turning  maneuver.  Table  2  gives  the  set  of  trim  algorithms  for  general  unco¬ 
ordinated  flight  including  both  uncoordinated  steep  turns  and  uncoordinated  recti¬ 
linear  flight.  The  level  and  direction  of  uncoordination  are  represented  by  the 
magnitude  and  sign  of  the  lateral  accelerometer  signal  n  (side  force)  at  the 
aircraft  center  of  gravity.  The  closed-form  kinematic  relationships  shown  in  the 
table  decouple  the  governing  equations  for  a  general,  steady,  uncoordinated  turn  and 
thereby  greatly  simplify  the  trim  computation  (to  the  extent  comparable  to  the 
normal  1-g  flight). 

Once  the  steady,  reference  flight  conditiolns  are  determined,  the  small- 
perturbation  equations  of  motion  are  obtained  in  two  steps:  1)  by  applying  the 
perturbation  operation  on  the  Euler  equations  and  on  the  kinematic  equations  that 
relate  the  time  rate  of  change  of  pitch-  and  roll-attitudes  to  the  angular  rates 
about  the  body-axis  system,  and  2)  by  then  imposing  the  constraints  that  the  pertur¬ 
bations  are  from  a  steady  turn.  This  development  accounts  for  complete  kinematic, 
inertial,  and  aerodynamic  coupling.  Also,  the  aerodynamic  terms  include  a  complete 
set  of  acceleration  derivatives.  Table  3  shows  a  simpler  form  of  the  stability  and 
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control  matrices  in  which  the  acceleration  derivatives  are  neglected.  The  equations 
are  given  with  respect  to  the  general  body-axis  system  and  they  are  cast  in  the 
first-order,  vector  matrix  format  to  which  many  efficient  software  packages  can  be 

readily  adapted. 

These  equations  were  implemented  in  conjunction  with  the  trim  algorithms  for 
generic  uncoordinated,  steep  high-g  turns  in  a  variety  of  nonlinear  simulation 
models  (refs.  1,  34,  40)  to  investigate  a  tilt-rotor  aircraft  and  two  single-rotor 
helicopters  in  various  levels  of  uncoordinated,  high-g  turning  maneuvers  at  low 
speeds.  The  results  show  1)  that  the  aircraft  trim  attitudes  in  uncoordinated, 
high-g  turns  can  be  grossly  altered  from  those  for  coordinated  turns;  and  2)  that 
within  the  moderate  range  of  uncoordinated  flight  (side-force  Oy  up  to  ±0.1  g), 
the  dynamic  stability  of  the  rotorcraft  is  relatively  insensitive.  However,  the 
coupling  between  the  longitudinal-  and  lateral-directional  motions  is  strong,  and  it 
becomes  somewhat  stronger  as  the  sideslip  increases  (ref.  57). 

The  results  of  a  recent  study  conducted  in  a  European  laboratory  (ref.  58) 
generally  confirmed  those  of  ARC.  In  particular,  their  results  also  indicate  that 
in  high-g  turns,  the  coupling  between  the  longitudinal  and  lateral-directional 
motions  is  strong.  Consequently,  the  conventional  short-period  approximation  and 
other  approximations  (ref.  59)  suitable  for  rectilinear  cruise  flight  become  inade¬ 
quate  for  predicting  stability  and  response  characteristics  of  the  helicopter  in 
high-g  turns.  As  in  the  Ames  studies  (refs.  55,  57),  their  results  for  turns  also 
show  that  all  the  helicopter  stability  and  control  derivatives  change  with  load 
factor  (or  bank  angle).  The  variations  in  these  derivatives  are  caused  by  aerody¬ 
namic,  inertial,  kinematic,  and  gravitational  terms,  but  it  is  primarily  the 
increased  aerodynamic  terms  that  have  the  most  influence  on  the  short-term  dynamic 
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Considerations  for  High-Order  Dynamics 

The  increasing  use  of  highly  augmented  digital  FCSs  in  modern  military  helicop¬ 
ters  has  prompted  a  recent  examination  at  Ames  of  the  influence  of  rotor  dynamics 
and  other  high-order  dynamics  on  control-system  performance.  In  the  past,  industry 
has  predicted  stability  augmentation  gains  that  could  not  be  achieved  in  flight 
(ref.  60,  fig.  9).  The  operators  of  variable-stability  research  helicopters  have 
also  been  aware  of  severe  limitations  in  feedback  gain  settings  when  attempting  to 
increase  the  bandwidth  of  FCSs  needed  to  assure  good  fidelity  during  in-flight 
simulations.  Now,  with  an  increasing  emphasis  on  high-bandwidth  mission  tasks,  such 
as  NOE  flight  and  aerial  combat  for  military  helicopters,  coupled  with  the  develop¬ 
ment  of  new  rotor  systems  and  the  trend  toward  using  superaugmented,  high-gain, 
digital  FCSs  (refs.  19,  61,  62),  there  is  a  widespread  need  for  improved  understand¬ 
ing  of  these  limitations. 

Therefore,  a  study  was  conducted  at  ARC  to  correlate  theoretical  predictions  of 
feedback  gain  limits  in  the  roll  axis  with  experimental  test  data  obtained  from  the 
variable-stability  CH-47B  research  helicopter.  The  feedback  gains,  the  break  fre¬ 
quency  of  the  presampling  sensor  filter,  and  the  computational  frame  time  of  the 


flight  computer  were  systematically  varied.  The  results,  which  showed  excellent 
theoretical  and  experimental  correlation  (fig.  10),  indicate  that  the  rotor  flapping 
dynamics,  sensor  filter,  and  digital-data  processing  delays  can  severely  limit  the 
usable  values  of  the  roll-rate  and  roll-attitude  feedback  gains. 

In  addition  to  rotor  flapping  dynamics,  inflow  dynamics  can  be  also  significant 
in  the  design  of  high-gain  FCSs  for  rotorcraft.  Recent  research  (refs.  63-67)  on 
dynamic  inflow  has  shown  that  the  frequencies  of  the  inflow  dynamic  modes  are  of  the 
same  order  of  magnitude  as  those  of  the  rotor  blade  flapping  and  lead-lag  modes; 
therefore,  dynamic  inflow  can  produce  significant  changes  in  the  modes  of  rotorcraft 
motion.  A  study  was  therefore  conducted  at  Ames  to  investigate  the  effects  of 
dynamic  inflow  on  rotor-blade  flapping  and  vertical  motion  of  the  helicopter  in 
hover.  Linearized  versions  of  two  dynamic  inflow  models,  one  developed  by  Carpenter 
and  Fridovich  (ref.  68)  and  the  other  by  Pitt  and  Peters  (ref.  67),  were  incorpo¬ 
rated  in  simplified  rotor-body  models  and  were  compared  for  variations  in  thrust 
coefficient  and  the  blade  Lock  number  (ref.  49).  In  addition,  a  good  correlation 
was  obtained  between  the  results  of  linear  analysis,  and  the  transient  and  frequency 
responses  measured  in-flight  on  the  CH-47B  variable-stability  helicopter.  The 
linear  analysis  also  shows  that  dynamic  inflow  plays  a  key  role  in  destabilizing  the 
flapping  mode,  the  destabilized  flapping  mode,  along  with  the  inflow  mode  intro¬ 
duced  by  the  dynamic  inflow,  results  in  a  large  initial  overshoot  in  the  vertical 
acceleration  response  to  an  abrupt  input  in  the  collective  pitch.  This  overshoot 
becomes  more  pronounced  as  either  the  thrust  coefficient  or  the  blade  Lock  number  is 
reduced . 

The  influence  of  the  lead-lag  degrees  of  freedom  on  the  automatic-control- 
system  design  for  a  helicopter  has  recently  been  investigated  analytically  by 
Curtiss  (ref.  69)  under  a  NASA-ARC  grant  for  near  hover  flight.  He  showed  that 
attitude  feedback  gain  is  limited  primarily  by  body-flap  coupling,  but  the  rate 
feedback  gain  is  limited  by  the  lag  degrees  of  freedom.  An  experimental  verifica¬ 
tion  is  needed. 

Beyond  the  high-order  effects  caused  by  rotor  and  inflow  dynamics,  the  propul¬ 
sion  system  dynamics  can  also  have  a  profound  effect  on  the  helicopter  flight  dynam¬ 
ics  and  handling  qualities.  The  helicopter  rotor  and  drive  train  systems  have 
lightly  damped  torsional  dynamic  modes  which  are  within  the  bandwidth  of  the  engine 
fuel-control  system.  Traditionally,  engine  manufacturers  use  a  sophisticated  engine 
dynamic  model  in  conjunction  with  a  rather  rudimentary  model  for  the  helicopter 
rotor/airframe  dynamics  when  designing  the  control  system.  Helicopter  flight  dynam- 
icists  have  used  the  opposite  approach.  As  a  result,  the  dynamic  interface  problems 
that  are  not  anticipated  in  the  design  stage  can  surface  later  in  the  ground-  or 
flight-test  phases  of  a  helicopter  development  program,  requiring  costly  add-on 
modifications  to  rectify  the  problems.  Therefore,  it  is  important  to  model  the 
propulsion  system  dynamics  at  the  levels  of  sophistication  compatible  with  those  of 
the  airframe  dynamics  in  the  design  of  both  the  fuel  control  system  and  the  FCS  (see 
ref.  70). 
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FLIGHT  CONTROL  LAWS  DEVELOPMENT 


A  variety  of  methods  have  been  used  to  design  rotorcraft  flight  control  laws 
for  handling  qualities  investigations.  They  range  from  classical  frequency-domain 
design  methods  to  modern  time-domain  control  methodology.  Classical  frequency- 
domain  methods  were  first  used  in  the  design  of  control  laws  to  provide  a  wide 
spectrum  of  control  response  characteristics  for  experimental  determination  of  their 
suitability  for  various  mission  tasks.  These  designs  were  performed  mostly  in  the 
continuous  (or  analog)  s-domain.  To  expose  potential  problems  associated  with 
digital  implementation,  especially  for  high  bandwidth  digital  control  systems,  an 
extensive  case  study  based  on  the  ADOCS  was  conducted  in  a  discrete  z-domain  and 
w-domain. 

Modern  methods  for  time-domain  control  law  design  were  subsequently  employed  in 
several  case  studies.  Lienar  quadratic  regulator  theory  was  applied  to  the  design 
of  a  high-performance  SCAS  for  a  hingeless  rotor  helicopter  for  piloted  evaluation 
on  a  ground-based  simulator.  An  LQR-based,  low-order  compensator  method  was  applied 
to  the  design  of  a  hover  hold  system  for  the  CH-47  research  helicopter  as  part  of 
the  collaborative  efforts  with  Stanford  University.  An  optimal  cooperative  control- 
law-synthesis  method,  which  includes  an  optimal  pilot  model  in  the  design  procedure, 
was  modified  and  applied  to  a  tandem-rotor  helicopter  and  was  evaluated  in  a  piloted 
ground-based  simulation.  A  multivariable  MFCS  was  developed  for  the  variable- 
stability  CH-47B  research  helicopter  to  enhance  its  in-flight  simulation  capability. 


Generic  Control  Laws  for  Various  Types  of  Response  Characteristics 

Generic  FCSs  which  can  be  configured  to  provide  a  variety  of  helicopter 
response  characteristics  including  rate  and  attitude  were  implemented  in  the  basic 
ARMCOP  model  (ref.  1)  and  the  ARMCOP/UH-60  model  (ref.  18)  for  handling  qualities 
research.  The  general  form  of  the  SCAS  that  was  incorporated  in  the  ARMCOP  model 
employs  a  complete  state  feedback  as  well  as  a  control  mixing  structure  that  facili¬ 
tates  implementation  of  control  crossfeed,  with  control  quickening  from  each  of  the 
four  cockpit  control  inputs.  Also,  the  augmentation-system  gains  may  be  programmed 
as  functions  of  flight  parameters,  such  as  airspeed  (fig.  2).  This  constant-gain 
configuration  was  subsequently  modified  (ref.  20)  to  include  dynamic  compensation 
elements  in  order  to  represent  the  SH-60B  for  the  handlibng  qualities  investigation 
of  its  shipboard  operations. 

A  more  complicated  implementation  of  the  generic  FCS  was  incorporated  in  the 
ARMCOP/UH-60  for  the  development  of  the  Army's  ADOCS.  As  part  of  the  ADOCS  program, 
control  laws  suitable  for  an  attack  helicopter  mission  were  synthesized,  evaluated 
in  piloted  simulations  of  both  visual  (ref.  71)  and  instrument  flights  (ref.  72) 
under  various  meteorological  conditions,  and  implemented  in  a  UH-60  demonstrator 
helicopter.  Figure  11  presents  a  block  diagram  of  the  FCS  design  for  the  ADOCS 
program.  The  primary  flight  control  system  (PFCS)  shown  in  the  figure  was  designed 
to  yield  satisfactory  unaugmented  flight  by  providing  feed-forward  command 
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augmentation  and  shaping.  The  advanced  flight  control  system  (AFCS)  included  both 
stabilization  feedback  loops  and  a  feed-forward  control-response  model.  Stabiliza¬ 
tion  feedback  loops  were  designed  solely  for  maximum  gust  and  upset  rejection;  no 
compromise  for  control  response  was  necessary.  The  use  of  a  control-response  model 
allowed  the  shaping  of  the  short-  and  long-term  response  to  the  pilot's  control 
inputs  independent  of  the  stabilization  level.  Various  control  response  and  stabil¬ 
ization  schemes  were  developed  using  this  approach  to  control  system  design  and  were 
evaluated  for  the  attack  helicopter  mission  in  conjunction  with  a  range  of  inte¬ 
grated  side-stick  controller  configurations.  These  generic  configurations  are 
identified  in  figure  12  in  a  matrix  format. 

A  generic  SCAS  configuration  was  also  incorporated  in  the  XV- 15  model  to  pro¬ 
vide  SCAS  features  such  as  rate  command,  attitude  command,  rate  command/attitude 
hold,  and  the  translational  rate  command,  to  be  used  for  a  ground  simulation  inves¬ 
tigation  of  control  actuator  authority  requirements  (ref.  73)  and  of  instrument- 
flight-rules  airworthiness  criteria  for  the  tilt-rotor  class  of  Vertical  Takeoff  and 
Landing  (VTOL)  aircraft  (ref.  4l).  The  mechanizations  were  kept  as  simple  as  possi¬ 
ble  so  that  the  results  could  be  easily  understood.  Consequently,  the  feed-forward 
and  feedback  loops  in  the  generic  SCAS  configurations  employ  primarily  constant 
gains  with  little  dynamic  shaping  required. 


Implementation  Considerations  for  High-Gain  Digital  Control  Systems 

Proposed  concepts  for  the  Light  Family  Helicopter  (LHX)  and  Joint  Services 
Operational  Tilt-Rotor  Aircraft  (JVX)  are  embodied  in  a  complex,  highly  maneuvera¬ 
ble,  versatile  vehicle  with  avionics  systems  which  are  as  important  to  mission 
success  as  the  airframe  itself.  Single-pilot  and  MOE  operations  require  handling 
qualities  which  minimize  the  involvement  of  the  pilot  in  basic  stabilization 
tasks.  These  requirements  will  demand  a  full-authority,  high-gain,  multimode 
DFCS.  The  gap  between  these  requirements  and  current  low-authority,  low-bandwidth 
rotorcraft  flight  control  technology  is  considerable.  Ongoing  research  aims  at 
smoothing  the  transition  between  current  technology  and  advanced  concept 
requirements. 

A  study  was  conducted  (ref.  74)  to 

1 .  extensively  review  the  state-of-the-art  of  high-bandwidth  digital  control 
systems, 

2.  expose  areas  of  specific  concern  for  FCSs  of  modern  combat  rotorcraft,  and 

3.  illustrate  the  important  concepts  in  design  and  analysis  of  high-gain, 
digital  systems  with  a  detailed  case  study  involving  a  current  rotorcraft  system. 

A  comprehensive  case  study  based  on  the  ADOCS  Black  Hawk  was  conducted. 

Methods  for  analyzing  and  designing  high-bandwidth  digital  control  systems  were 
discussed  and  illustrated.  Figure  13  (from  ref.  74)  diagrams  a  typical  attitude 
control  system,  including  the  many  elements  needed  for  a  practical  digital  system 
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implementation.  The  response  of  the  actuator  rate  (6^  )  to  a  step  command  input 
at  6^  is  shown  in  figure  14  (30  Hz  system).  The  soSid  curve  is  the  result 

obtained  using  approximate  (continuous  system)  methods.  The  digital-system  exact 
response  is  shown  as  open  and  closed  dots,  the  latter  being  the  response  at  the  even 
sampling  instants.  This  figure  shows  that  the  even-sample  instants  are  a  very  poor 
reflection  of  the  complete  digital  system  response.  The  approximate  analysis  gives 
a  fairly  good  estimate  fo  the  intersample  behavior,  although  the  level  of  "rough¬ 
ness"  is  underestimated. 


Modern  Control  Methodology 

Certain  modern  multivariable  design  methods  have  been  applied  to  helicopter 
flight  control.  These  methods  include  (1)  a  linear  quadratic  method,  (2)  a  method 
that  produces  robust,  low  order  compensators,  (3)  a  multivariable  model-following 
control  technique,  and  (4)  a  quadratic  optimal  control  synthesis  method.  These 
techniques  are  generally  better  than  the  classical  methods  in  reducing  the  number  of 
design  iterations,  especially  for  multivariable  control  problems  such  as  helicopter 
flight  control.  All  four  design  applications  have  been  carried  through  piloted 
evaluations  on  ground-based  simulators,  and  two  have  been  carried  all  the  way  to 
in-flight  evaluation  on  the  variable-stability  CH-47  research  helicopter.  Each  of 
the  four  case  studies  is  discussed  briefly  in  the  following. 

Linear  Quadratic  Regular-Least  Squares  Design  Method-  This  method  consists  of  a 
two-stage  design  process:  LQR  theory  is  applied  to  determine  appropriate  feedback 
gains  for  the  stability  augmentation  system  (SAS),  followed  by  the  design  of  the 
control  augmentation  system  (CAS)  using  a  least-squares  design  method  (ref.  75). 

This  method  was  employed  to  design  a  stability-and-control-augmentation  system  for  a 
hingeless  rotor  helicopter  to  meet  a  set  of  10  performance  criteria  (ref.  76) 
derived  from  handling  quality  requirements.  For  the  SAS  design  using  the  LQR 
methodology,  constant  weighting  factors  were  used  for  state  and  control  variables. 
The  ratio  of  these  factors  was  employed  as  a  parameter  in  the  selection  of  feedback 
gains  to  satisfy  three  of  the  10  performance  criteria  for  full  and  partial  state 
feedback  systems.  For  the  design  of  the  CAS,  which  consists  of  a  matrix  of  cross¬ 
feed  gains,  a  least-squares  method  was  used  to  satisfy  the  remaining  seven  perfor¬ 
mance  criteria.  The  design  was  performed  at  three  flight  conditions  (hover,  70,  and 
130  knots)  using  a  6-DOF  linear  model  that  represents  the  hingeless  rotor  helicop¬ 
ter.  The  designed  SCAS  was  then  evaluated  using  nine  degree-of-freedom  equations, 
which  include  flapping  motion,  to  determine  the  influence  of  rotor  dynamics.  The 
results  indicate  that  the  flapping/regressing  mode  does  couple  with  fuselage  motions 
and  produces  roll/regressing  and  pitch/regressing  oscillatory  modes  (fig.  15)  at 
frequencies  below  2  Hz.  These  oscillatory  modes  are  not  present  in  rigid  body 
equations;  therefore,  the  SCAS  gains  determined  by  analysis  of  rigid  body  equations 
of  motion  should  be  evaluated  using  a  model  which  includes  at  least  the  blade¬ 
flapping  motion. 

A  piloted  ground-based  simulation  was  conducted  on  the  Ames  Flight  Simulator 
for  Advanced  Aircraft  (FSAA),  which  is  a  6-DOF  moving-base  simulator,  to  evaluate 
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the  merit  of  the  designed  SCAS.  The  experiment  was  performed  using  a  combined 
longitudinal  and  lateral-directional  task — flying  a  course  of  barriers  combined  with 
trees  placed  down  the  centerline  of  the  barriers  (ref,  50).  The  results  of  the 
experiment  indicated  that  satisfactory  handling  qualities  (level  I)  were  achieved 
with  the  designed  SCAS  operational,  in  contrast  to  marginally  acceptable  handling 
qualities  (near  the  borderline  of  level  II  and  level  III)  that  were  obtained  for  the 
basic  aircraft. 

Robust,  Low-Order  Compensator  Design  Method-  An  LQG-based  control  design 
methodology  was  developed  at  Stanford  University  which  produces  robust,  low-order 
control  laws  for  multiinput,  multioutput  dynamic  systems  (ref.  33).  The  design 
method  is  illustrated  by  a  flow  diagram  in  figure  16.  After  proper  model  scaling  to 
facilitate  the  choice  of  weighting  matrices  in  the  standard  LQG  method,  an  initial, 
stable  full-order  dynamic  compensator  (regulator/Kalman-filter  pair)  is  obtained 
which  provides  the  desired  control  characteristics.  The  order  of  the  initial  com¬ 
pensator  is  then  reduced  using  two  measures  of  mode  sharing  of  the  compensator  as 
criteria  for  deciding  which  modes  of  the  compensator  can  be  eliminated.  These  two 
measures  are  the  singular  value  of  the  residue  matrix  associated  with  that  mode  and 
the  singular  value  weighted  by  the  real  part  of  the  mode.  The  order  reduction  is 
then  followed  by  reoptimization  and  implementation  of  a  robust  design  for  the  sim¬ 
plified  compensator.  This  step  uses  a  gradient-search  algorithm  based  on  a  finite¬ 
time  quadratic  performance  index  (ref.  77),  which  produces  a  design  that  is  stable 
and  has  adequate  performance  at  specified  normal,  and  off-normal  operating  condi¬ 
tions.  The  final  design  step  involves  the  design  of  the  feed-forward  gains  to 
generate  the  command  outputs.  A  command  output  matrix  is  calculated  from  the 
steady-state  controls  for  the  desired  outputs,  in  a  manner  similar  to  the  least 
squares  approach  discussed  in  the  preceding  method  (LQG-LS).  These  command  outputs 
are  then  summed  with  outputs  produced  from  the  compensator. 

The  methodology  was  applied  to  the  design  of  a  velocity-command  system  and  a 
hover-hold  system  for  a  tandem  rotor  helicopter.  These  two  control  systems  were 
implemented  on  the  variable-stability  CH-47B  research  helicopter  and  were  flight- 
tested  during  1984.  The  results  of  the  flight  tests  and  a  detailed  description  of 
the  design  methodology  are  presented  in  reference  33. 

Multivariable  Model-Following  Control  System-  An  explicit  MFCS  consists  of 
three  basic  elements:  (1)  the  "model,"  (2)  the  "plant"  (the  rotorcraft),  and 
(3)  the  model-following  control  law  as  shown  schematically  in  figure  17.  The  pur¬ 
pose  of  the  control  law  is  to  ensure  that  the  rotorcraft  follows  the  model,  whose 
equations  of  motion  represent  the  desired  or  ideal  dynamic  characteristics  for 
rotorcraft.  An  MFCS  is  an  attractive  scheme  for  achieving  variable-stability  char¬ 
acteristics  for  in-flight  simulation  because,  in  principle,  model  characteristics 
can  be  varied  over  wide  ranges  without  requiring  corresponding  changes  in  the  model¬ 
following  control  law.  This  method  is  particularly  useful  in  a  situation  in  which  a 
model  that  is  used  in  a  ground-based  simulation  investigation  can  be  duplicated  for 
use  in  an  airborne  simulator  to  provide  a  direct  comparison  of  the  two  studies.  In 
addition  to  in-flight  simulation,  a  wider  application  of  the  model-following  concept 
may  lie  in  the  design  of  advanced  augmentation  systems  for  future  generations  of 
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rotorcraft.  By  incorporating  the  desired  characteristics  in  the  model,  satisfactory 
handling  qualities  may  be  assured  for  the  augmented  rotorcraft.  An  example  of  using 
the  concept  is  the  automatic  PCS  of  the  ADOCS  discussed  in  the  preceding  section 
where  a  set  of  single-input,  single-output  MFCSs  is  utili2ed. 

The  development  of  the  multivariable  model-following  control  system  began  on 
the  ground  simulator  as  part  of  a  Joint  research  program  of  the  U.S.  Army  and  the 
German  Aerospace  Research  Establishment  (DFVLR).  The  results  of  the  ground-based 
investigations  (refs.  21,  78)  indicate  that  the  performance  of  the  MFCS  is  dependent 
on  the  dynamics  of  the  explicit  model  and  on  the  limitations  of  the  actuating  sys¬ 
tem.  Increases  in  the  model  bandwidth  placed  higher  demands  on  the  control  system 
and  resulted  in  degraded  model-following  performance.  Significant  improvements  in 
model-following  performance  were  achieved  when  a  control-law  switching  feature, 
which  was  designed  to  account  for  position-  or  rate-limited  actuators,  was  included 
in  the  control  system. 

When  the  model-following  control  laws  that  were  initially  developed  on  the 
ground-based  simulator  were  implemented  and  evaluated  on  the  variable-stability 
CH-47  research  helicopter  (fig.  18),  it  became  clear  that  improvements  to  the  ini¬ 
tial  design  were  needed  to  compensate  for  large  time  delays  caused  by  the  high-order 
effects  such  as  rotor  dynamics,  sensor  filter  dynamics,  and  computational  time 
delays  (ref.  48)  as  discussed  in  the  preceding  section.  An  analysis  that  used  a 
high-order  dynamic  model  exposed  the  basic  limitations  of  the  original  design  and 
resulted  in  the  development  of  a  final  four-axes  multivariable  MFCS  (fig.  19, 
ref.  32).  The  final  system,  which  features  a  feed-forward  control  and  a  "pseudo¬ 
complementary"  feedback-compensation  scheme,  achieves  high-bandwidth  control  and 
excellent  model-following  performance.  Figure  20  shows  an  example  of  the  model¬ 
following  performance  in  the  roll  axis.  The  model  characteristics  that  were  imple¬ 
mented  were  second-order  attitude-command  systems  with  natural  frequencies  of 
1.4  rad/sec  and  damping  ratios  of  0.707.  Details  of  the  design,  implementation,  and 
flight-test  development  of  the  system  are  reported  in  reference  32. 

Quadratic  Optimal  Cooperative-Control  Synthesis-  Similar  to  the  LQR-LS  design 
method  discussed  pregviously,  the  quadratic  optimal  cooperative  control  synthesis 
(CCS)  method  also  uses  LQR  theory.  However,  the  CCS  method  offers  two  distinct 
features.  (1)  The  CCS  method  uses  output  feedback  rather  than  full  state  feedback 
as  the  case  of  LQR-LS  method,  thereby  making  it  simpler  for  implementation.  (2)  In 
contrast  to  the  three  preceding  design  methods,  the  CCS  method  requires,  in  prin¬ 
ciple,  no  detailed  a  priori  design  criteria,  because  an  assumed  analytic  pilot-model 
structure  is  an  inherent  feature  of  the  approach  (fig.  21).  This  can  be  a  great 
advantage  in  cases  where  no  existing  design  criteria  exist  because  of  either  the 
nature  of  aircraft  being  controlled  or  of  the  task  being  performed.  The  need  for 
explicit  a  priori  design  criteria  is  eliminated  through  the  use  of  an  explicit 
optimal  pilot  model  (depicted  schematically  in  fig.  22);  the  pilot  model  is  based 
only  on  the  task  to  be  performed.  The  SCAS  is  then  designed  to  minimize  the  "work¬ 
load"  of  the  assumed  pilot  model  while  limiting  the  SCAS  control  inputs. 

The  CCS  method  was  developed  for  and  previously  applied  to  the  longitudinal 
SCAS  design  for  a  fixed-wing  aircraft  and  was  found,  on  a  fixed-based  ground 
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simulation  evaluation,  to  compare  favorably  with  the  augmentation  system  currently 
being  used  on  that  aircraft.  This  design  method  was  modified  for  application  to  the 
helicopter,  which  has  more  complex  flight  dynamics.  Two  CCS  designs  were  obtained 
(using  the  original  and  modified  methods)  for  a  CH-47  helicopter  and  compared  with 
two  other  designs  based  on  classical  frequency-domain  method  and  LQR  theory. 

Results  from  a  fixed-base  piloted  simulation  indicate  that  the  modified  CCS  design 
compares  favorably  with  the  classical  frequency-domain  design  (which  was  obtained 
using  detailed  a  priori  design  criteria),  and  was  superior  to  LQR  design  (ref.  79). 


PARAMETER  IDENTIFICATION 


Parameter  identification  is  a  process  of  determining  the  coefficients  or  param¬ 
eters  in  the  set  of  equations  of  motion  of  the  aircraft,  called  the  model,  by  dis¬ 
turbing  the  aircraft  with  known  test  inputs.  The  general  form  of  the  model  is 
assumed  a  priori  or  is  derived  from  knowledge  of  the  aircraft.  Thus,  parameter 
identification  is  a  subfield  of  system  identification,  which  is  concerned  with  the 
more  difficult  problem  of  determining  the  model  itself  without  assuming  the  form  of 
the  model.  Parameter  identification  methodology  may  therefore  be  used  to  improve 
rotorcraft  simulation  models,  to  assess  their  handling-qualities  characteristics, 
and  to  help  develop  better  models  for  FCS  design. 

While  significant  progress  has  been  made  in  the  last  two  decades  in  the  field 
of  parameter  identification  for  fixed-wing  aircraft  (refs.  80-82),  progress  has  been 
relatively  slow  in  its  rotary-wing  counterpart.  Several  important  issues  in  rotor- 
craft  parameter  identification  need  to  be  resolved. 

Unlike  the  flight  dynamics  of  fixed-wing  aircraft,  the  dynamics  of  rotary-wing 
aircraft  are  characteristically  those  of  a  high-order  system,  as  discussed  ear¬ 
lier.  Significant  interaxis  coupling  exists  for  single  main-rotor  helicopters; 
dynamic  interactions  exist  between  the  engine  and  drive  train/rotor  system;  and 
high-order  effects  such  as  rotor  dynamics  and  inflow  dynamics  exist  inherently  in 
the  system.  The  large  number  of  degrees  of  freedom  associated  with  the  coupled 
high-order  dynamics  leads  to  a  large  number  of  unknown  parameters  that  have  to  be 
identified,  making  it  extremely  difficult  to  achieve  a  successful  application  of 
system  or  parameter-identification  techniques.  Vibration  levels  of  rotorcraft  are 
high,  a  fact  which  causes  high  noise  contamination  in  response  measurements  and 
makes  it  even  more  difficult  to  achieve  accurate  state  estimation  and  parameter 
identification.  Further,  the  basic  rotorcraft  are  generally  unstable,  so  only  short 
flight  records  can  be  used  for  direct  identification  of  the  basic  aircraft  param¬ 
eters  or  indirect  identification  of  them  with  SCASs  operational.  Either  case  can 
cause  difficulty  for  parameter  identification:  for  the  short-flight  record,  the 
information  contents  are  likely  to  be  inadequate  for  all  the  dynamic  modes,  and  with 
SCAS  operational,  inputs  can  be  highly  correlated  with  output  responses,  if  the 
design  of  test  inputs  is  ignored. 
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Early  efforts  were  made  by  the  Army  and  NASA  in  the  development  of  advanced 
time-domain  techniques  for  rotorcraft  state  estimation  and  parameter  identification 
(refs,  83,  84),  in  attempts  to  overcome  some  of  the  difficulties  described  previ¬ 
ously.  Considerable  efforts  were  subsequently  devoted  to  the  development  of  fre¬ 
quency-domain  techniques  (refs.  85-87),  thereby  providing  a  better  perspective  from 
which  to  assess  the  two  approaches,  and  leading  toward  the  development  of  a  unified 
time-  and  frequency-domain  parameter  identification  methodology  for  rotorcraft  in 
the  future . 


Time-Domain  Parameter  Identification 

First  applications  of  time-domain  (digital)  parameter  identification  techniques 
to  rotorcraft  by  NASA  and  the  Army  at  Langley  and  elsewhere  employed  a  measurement 
error  method— Newton  Raphson  (ref.  88)  and  a  simpler  advanced  method  using  the 
Extended  Kalman  Filter  algorithm  (refs.  89,  90).  Typical  procedures  of  using  these 
two  parameter  identification  methods  are  shown  schematically  in  figure  23 
(ref.  91).  Both  methods  include  the  initial  step  of  using  a  digital  filter  to 
process  the  raw  flight  data  to  reduce  the  data  noise  content.  Applications  have 
been  made  to  the  identification  of  quasi-static,  rigid-body  stability-and-control 
derivatives  of  single-rotor  helicopters  and  a  tandem-rotor  helicopter.  Both  methods 
give  a  gross  underestimation  of  primary  derivatives  such  as  roll,  pitch,  and  yaw 
damping;  it  is  not  uncommon  for  positive  values  of  the  damping  derivatives  to  be 
identified  using  the  quasi-static  rigid-body  model.  If  the  lower-order  model  is 
used,  large  fitting  errors  in  some  response  variables  (e.g.,  vertical  acceleration) 
are  also  apparent  (fig.  24).  The  then-available  identification  software  and  the 
lack  of  measurements  of  the  rotor  blade  motion  have  limited  those  applications  to 
the  identification  of  only  the  rigid-body  quasi-static  stability-and-control  deriva¬ 
tives  without  considering  the  effects  of  rotor  dynamics  and  other  high-order  effects 
discussed  in  the  earlier  sections. 

In  addition  to  adequate  modeling  of  the  vehicle/rotor  system,  two  other  areas 
must  be  addressed  to  accurately  identify  the  stability-and-control  parameters; 

(1)  instrumentation  and  measurement  data  analysis  and  (2)  test  input  design.  A 
joint  Army/NASA  program  involving  both  Ames  and  Langley  was  therefore  initiated  in 
1976  with  the  aim  of  developing  a  comprehensive  advanced  technique  for  rotorcraft 
state  estimation  and  parameter  identification,  which  addressed  all  aspects  of  prob¬ 
lems  peculiar  to  rotorcraft.  The  techniques  developed  by  a  contractor  (ref.  84)  are 
illustrated  in  figure  25.  Applications  of  some  of  these  techniques  have  been  made 
to  the  Rotor  System  Research  Aircraft  (refs.  92,  93)  and  to  the  Puma  helicopter 
(ref.  94)  under  a  NASA/UK  (Royal  Aircraft  Establish)  collaboration. 

As  part  of  an  ongoing  US/German  MOU  on  helicopter  flight  control,  an  extensive 
joint  study  is  being  conducted  to  analyze  the  XV- 15  database  using  both  time  domain 
and  frequency  domain  techniques.  The  objectives  of  this  study  are  to  gain  a  better 
appreciation  for  the  relative  strengths  and  weaknesses  of  those  two  different 
approaches  and  to  develop  improved  methods  of  identification  for  rotorcraft.  The 
time  domain  approach  used  by  the  DFVLR  of  the  Federal  Republic  of  Germany  (FRG) 
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(refs.  95,  96)  is  shown  in  figure  26.  The  data  compatibility  analysis  and  data 
analysis  blocks  shown  in  the  figure  are  similar  to  the  state  estimation  and  param¬ 
eter  identification  described  in  figure  25,  although  different  in  detailed  computa¬ 
tional  algorithms.  The  frequency  domain  approach  employed  by  the  U.S.  Army  in 
conjunction  with  this  MOU  effort  is  discussed  next. 


Frequency-Domain  Parameter  Identification 

The  frequency-domain-identification  approach  developed  at  ARC  (refs.  85,  86)  is 
shown  in  figure  27.  Flight  data  are  generated  using  frequency-sweep  inputs  for 
model  extraction  and  step  inputs  for  model  verification.  Two  typical,  concatenated, 
lateral-stick  frequency  sweeps  completed  during  the  hover  flight  tests  of  the  XV-15 
are  shown  in  figure  28(a)  with  the  corresponding  roll  rate  response  shown  in  fig¬ 
ure  28(c).  Pilot-generated,  rather  than  computer-generated,  inputs  are  used.  The 
frequency-sweep  input  is  especially  well  suited  to  the  frequency-domain  identifica¬ 
tion  procedure  because:  (1)  the  wave  form  is  roughly  symmetric  about  the  trim 
condition  so  that  the  aircraft  motions  are  not  excessive  and  the  aircraft  dynamics 
are  likely  to  stay  within  the  linear  range;  (2)  the  input  and  output  wave  forms  are 
smooth  and  regular,  so  the  resulting  spectral  functions  are  well  behaved;  and 
(3)  the  input  autospectrum  is  generally  constant  over  the  desired  frequency  range. 

For  the  spectral  analysis,  the  ARC  approach  employs  methods  based  on  the 
Chirp  z-transform  to  extract  high-resolution  frequency  responses  between  selected 
input  and  output  pairs.  The  identification  results  are  presented  in  Bode-plot 
format:  magnitude  and  phase  of  the  output  to  the  input  vs.  frequency  (fig.  27). 
These  results  are  nonparametric  since  no  model  structure  has  been  assumed.  As  such, 
they  can  be  used  directly  for  FCS  design  or  handling-qualities-compliance  testing. 
These  nonparametric  identification  results  can  also  be  compared  directly  with  those 
obtained  from  real-time  and  nonreal-time  simulations  to  expose  limitations  and 
discrepancies  in  the  simulator  models.  Approximate  transfer  functions  and  modal 
characteristics  may  also  be  obtained  by  fitting  the  identified  frequency-response 
plots  with  assumed  analytical  models  of  transfer  function.  The  results  are  paramet¬ 
ric  models  that  are  useful  for  transfer-function-based  control-system-design  studies 
and  for  handling  qualities  specifications  given  in  lower-order  equivalent-system 
terms.  Since  this  fitting  procedure  is  completed  after  the  frequency  response  is 
extracted,  the  order  of  the  transfer  function  can  be  carefully  selected  to  avoid  an 
overparameterized  model.  Multiinput/multioutput  frequency-response  methods  are 
suitable  for  extracting  a  transfer  matrix  which  includes  the  important  coupling 
effects.  Finally,  the  extracted  models  are  driven  with  the  flight-test-control 
inputs  to  verify  the  time-domain  response  characteristics. 

The  frequency-domain  identification  procedure  has  been  applied  to  an  XV-15 
tilt-rotor  aircraft,  a  Bell-214-ST  single-rotor  helicopter,  and  the  NASA/Army  CH-47B 
tandem-rotor  research  helicopter.  The  results  are  briefly  described  below. 

Frequency-Domain  Identification  of  the  XV-15-  The  frequency-domain  identifica¬ 
tion  was  initiated  in  1983  and  completed  in  1986.  The  objectives  were  to  identify 
and  document  the  open-loop  dynamics  of  the  XV-15  from  flight  tests  for  several 
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operating  conditions  including  hover,  to  compare  the  aircraft  and  simulation 
response  characteristics  for  identifying  problem  areas  in  the  math  modeling,  and  to 
develop  a  validated  transfer-function  model  description  for  future  use  in  control- 
system  studies.  The  results  for  hovering  flight  and  cruise  flight  are  reported  in 
detail  in  references  86  and  85. 

Figure  29  shows  an  example  of  a  comparison  of  the  frequency  responses, 
extracted  from  flight  and  simulator  data,  of  the  open-loop  roll  rate  response  to 
lateral  control  input  in  hovering  flight.  The  correlation  of  the  VMS  simulation  and 
the  flight  data  is  quite  good  for  the  frequency  range  from  1.0  to  10.0  rad/sec, 
which  indicates  that  the  roll-response  control  effectiveness  is  accurately  mod¬ 
eled.  However,  considerable  discrepancies  are  apparent  in  the  math  model  for  the 
low-frequency -magnitude  response.  The  low-frequency  phase  comparison  suggests  that 
the  damping  ratio  of  the  unstable  roll  mode  is  slightly  overestimated  by  the  simula¬ 
tion  model  (i.e.,  more  unstable),  whereas  the  natural  frequency  is  accurate.  Inci¬ 
dentally,  these  low-frequency  errors  in  the  simulation  model  were  also  reported 
during  the  pilot's  qualitative  evaluation  on  the  simulator. 

Subsequent  analysis  of  the  real-time  math  model  indicated  problems  in  the 
representation  of  rotor  flapping  for  large  lateral-velocity  changes  (such  as  the 
case  of  the  low  frequency  range  of  the  roll  response).  There  is  also  strong  sensi¬ 
tivity  of  the  numerically  linearized  transfer  functions  to  the  size  of  perturba¬ 
tion.  Corrections  to  the  math  modeling  in  these  two  areas  were  included  later  in 
the  nonreal-time  XV- 15  simulation.  The  comparison  between  the  current  nonreal-time 
model,  real-time  model,  and  the  flight  data  is  shown  in  figure  29,  and  indicates  the 
significant  improvements  achieved  during  the  last  3  years. 

Having  completed  the  extraction  of  the  frequency  responses,  the  next  step  is  to 
fit  the  frequency  response  with  a  transfer-function  model.  A  standard  fourth-order 
model  with  an  effective  time-delay  term  was  chosen  (ref.  86)  as  the  structure  of  the 
model  for  identification  of  its  attendant  parameters.  Figure  30  shows  a  fit  of  the 
magnitude  and  phase  of  the  identified  transfer  function.  The  predictive  capability 
of  the  transfer-function  model  is  illustrated  in  figure  31,  which  shows  the  roll- 
rate  response  of  the  open-loop  aircraft  to  a  step  aileron  input.  When  the  identi¬ 
fied  transfer  function  is  driven  with  the  same  input,  the  response  coplotted  in  the 
dashed  curve  is  obtained,  which  shows  the  model  and  flight  data  responses  generally 
compare  very  well,  and  thus  provides  a  validation  for  the  identified  model. 

Demonstration  of  Frequency-Sweep  Testing  Technique  Using  a  Bell  214-ST  Helicop- 
ter-  Research  supporting  the  development  of  the  LHX-handling-qualities  specification 
ADS-33  (ref.  97),  which  is  an  updated  version  of  MIL-H-8501A,  indicates  the  need  for 
frequency-domain  descriptions  to  adequately  characterize  the  transient  angular- 
response  dynamics  of  highly  augmented  combat  rotorcraft.  The  proposed  LHX  criteria 
for  short-term  angular  response  are  given  in  terms  of  two  frequency-domain  param¬ 
eters— bandwidth  (ugy)  and  phase  delay  (tp).  These  quantities  are  determined 
directly  from  frequency  response  plots  of  the  on-axis  angular  responses  to  control 
inputs,  such  as  was  generated  from  the  XV- 15  (fig.  29).  A  key  concern  in  incorpo¬ 
rating  such  descriptions  in  a  specification  is  the  practical  problem  of  extracting 
frequency  responses  from  flight  data  for  compliance  testing. 
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To  address  this  and  other  concerns  associated  with  the  practicality  of  using 
frequency-sweep  testing  technique,  a  flight- test  demonstration  program  (6  flight 
hours)  was  conducted  in  October  1985  using  an  instrumented  Bell-214-ST  helicopter 
(fig.  32).  Frequency-sweep  and  step-input  tests  were  performed  in  hover  and  cruise 
(90  knots)  for  each  control  axis.  The  data  were  then  analyzed  using  the  frequency- 
domain  identification  procedure  described  previously.  Excellent  identification  of 
the  frequency  responses  was  achieved  for  all  axes  at  both  flight  conditions.  As  an 
example,  the  extracted  response  of  pitch  attitude  to  longitudinal  cyclic  stick  is 
shown  for  the  hover  flight  condition  in  figure  33.  An  accurate  spectral  estimate  is 
achieved  over  a  broad  frequency  range  (0.2-10.0  rad/sec),  and  the  required  specifi¬ 
cation  compliance  parameters  are  readily  obtained.  Additional  analyses  were  con¬ 
ducted  to  identify  transfer  function  models  for  each  axis.  These  models  accurately 
predict  the  large-amplitude  step  response  behavior  and  validate  the  linearized 
frequency-response  concept  for  single-rotor  helicopters. 

Identification  of  CH-47B  Vertical  Dynamics  Model  in  Hover-  The  same  frequency- 
domain  procedure  that  was  used  in  the  identification  of  the  two  aircraft  was  also 
applied  to  the  identification  of  the  vertical  dynamics  of  the  CH-47B  research  air¬ 
craft  in  hover.  The  objective  of  this  work  was  to  identify  the  helicopter  vertical 
dynamics  for  correlation  with  those  developed  from  the  analytical  modeling  efforts 
(ref.  50). 

Frequency-sweep  inputs  in  collective  pitch  were  employed  to  identify  the  fre¬ 
quency  response  of  the  vertical  acceleration  to  collective  input.  The  extracted 
frequency  response  (fig.  34)  indicates  that  there  is  a  resonant  peak  at  around 
17  rad/sec  and  a  substantial  phase  lead  as  previously  predicted  in  the  analytical 
study  (ref.  49).  Based  on  the  analytical  modeling  efforts,  a  series  of  parametric 
transfer-function  models,  ranging  from  first  to  fifth  order  was  fit  to  the  identi¬ 
fied  frequency  plots.  The  first-order  model  corresponds  to  the  classical  quasi¬ 
static  model,  and  the  fourth-order  model  includes  the  effects  of  flapping  and  inflow 
dynamics  (the  fifth-order  was  used  to  account  for  possible  effects  caused  by  varia¬ 
tion  in  rotor  rpm).  The  frequency-response  fits  for  a  fitst-  and  a  fourth-order 
model  are  shown  in  figure  34.  For  the  first-order  quasi-static  model,  it  proved  to 
be  difficult  to  fit  the  model  accurately  over  the  entire  frequency  range;  the  fit 
was  therefore  limited  to  the  range  of  0.1  to  3  rad/sec  instead  of  0.1  to  20  rad/sec 
as  applied  to  all  of  the  other  models.  This  causes  the  first-order  model  to  match 
the  flight  data  better  at  low  frequency  than  the  higher-order  models  (fig.  34).  All 
of  the  higher-order  models  exhibit. a  nonminimum  phase  characteristic  as  predicted  in 
the  analytical  modeling  efforts  (ref.  49). 

As  a  means  for  testing  the  predictive  capability  of  the  identified  models,  the 
vertical  responses  to  a  step  input  in  collective  input  were  generated  from  the 
models.  These  responses  compare  favorably  with  those  of  the  analytical  model.  Some 
of  the  responses  of  the  identified  models  are  plotted  together  with  flight  data  as 
shown  in  figure  35.  As  expected,  the  first-order  models,  because  of  the  limited 
frequency  range  of  applicability,  fails  completely  to  predict  the  overshoot  of  the 
vertical  acceleration  owing  to  the  high-order  effects  of  inflow  and  flapping 
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dynamics.  The  fourth-order  model  provides  a  much  better  predictive  capability  than 
does  the  first-order  model  for  the  initial  transient. 


CONCLUDING  REMARKS 


This  paper  has  reviewed  the  progress  made  in  joint  NASA/Army  research  concern¬ 
ing  rotorcraft  flight-dynamics  modeling,  flight  control  design  methodologies,  and 
parameter  identification.  These  interactive  research  disciplines  all  require  atten¬ 
tion  in  order  to  provide  a  basis  for  exploring  analytically  and  experimentally  the 
handling  qualities  implications  of  a  variety  of  dynamic  concepts  aimed  at  assisting 
the  pilot  in  performing  a  required  mission.  Although  this  integrated  approach  to 
the  research  is  probably  required  for  all  classes  of  aircraft,  the  need  is  particu¬ 
larly  acute  for  rotorcraft  because  of  their  mathematical  complexity,  high-order 
dynamic  characteristics,  and  demanding  mission  requirements.  Accordingly,  the 
results  that  have  been  reviewed  here  form  the  basis  for  combined  research  efforts 
which  are  currently  under  way  to  integrate  dynamics,  controls,  and  identification 
methodologies. 

The  need  for  this  integration  is  apparent  from  most  of  the  work  reviewed 
here.  As  was  reviewed  in  the  paper,  the  research  on  real-time  simulation  models  has 
led  to  a  capability  of  including  rigid  blade  flapping  modes,  initially  for  the  rotor 
disk  and  more  recently  using  blade  element  models.  These  models  have  been  appropri¬ 
ate  for  the  types  of  missions  considered  to  date,  but  must  be  extended  for  missions 
which  require  more  pilot-aircraft  performance  to  include  the  important  effects  of 
additional  degrees  of  freedom  such  as  lag  or  elastic  modes  while  retaining  adequate 
simplicity  for  design  and  simulation  purposes.  Further,  the  models  must  be  accurate 
over  greater  regions  of  the  flight  envelope;  the  work  described  in  the  paper  for 
high-g  maneuvering  forms  the  basis  for  more  accurate  full-flight-envelope  design 
tools.  To  ascertain  the  importance  of  the  higher-order  terms,  parameter  identifica¬ 
tion  techniques  must  be  integrated  into  the  modeling  process,  using  flight  data  as 
the  verification  standard.  In  particular,  the  frequency-domain  procedures  developed 
at  NASA  and  discussed  in  this  paper  are  excellently  suited  to  assessing  the  influ¬ 
ence  of  these  dynamics  and  providing  a  rational  basis  for  the  selection  of  lower- 
order  models. 

It  is  also  clear  from  the  joint  work  reviewed  here  that  these  higher  order 
dynamics  must  be  accounted  for  explicitly  early  in  the  design  process,  regardless  of 
their  origin.  The  flight  experiments  demonstrated  the  importance  for  modern  control 
applications  of  rotor  dynamics  and  also  aerodynamic  (inflow)  dynamics;  the  high- 
gain,  model-following  system  that  has  been  developed  and  demonstrated  has  utilized 
models  that  are  accurate  to  higher  frequencies  to  achieve  improved  control  system 
performance.  Equally  important,  the  control  system  implementation  itself  adds 
dynamics  that  have  historically  been  overlooked  in  rotorcraft  control  designs;  the 
review  of  an  existing  rotorcraft  digital-control-system  design  and  implementation 
showed  that  current  practices  do  not  account  sufficiently  for  the  digital  design 
details  and  that  the  achievable  control  system  performance  remains  far  less  than  was 
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predicted.  Therefore,  in  general,  the  work  conducted  in  the  past  10  yr  has 
inevitably  pointed  to  the  need  for  models  and  methodologies  accurate  over  higher 
frequency  ranges  and  capable  of  dealing  explicitly  with  a  variety  of  interactive 
effects,  and,  as  demonstrated  in  this  paper,  the  research  has  become  increasingly 
oriented  in  this  direction. 

The  current  NASA/ Army  research  for  rotor craft  flight  dynamics  and  controls  is 
oriented  to  examining  concepts  that  require  even  higher  gains  and  more  interaction 
among  the  controls  and  the  various  dynamics  of  the  rotorcraft  systems,  and  hence  may 
be  said  to  be  becoming  more  closely  coupled  to  the  actual  details  of  the  rotor- 
craft.  The  need  for  this  closer  coupling  to  the  details  of  the  rotorcraft  stems 
from  the  increasing  emphasis  on  demanding  rotorcraft  missions  such  as  air-to-air 
combat  and  automated  nap-of-the-Earth  flight.  To  achieve  the  requisite  improvements 
in  agility  and  maneuverability,  a  variety  of  interactive  elements  must  be  considered 
in  the  modeling  and  control  design  process;  such  elements  include  integrated 
flight/propulsion  control,  rotor  state  control,  high  bandwidth  stability/control 
augmentation,  rotor-rpm  energy  transfer,  higher  harmonic  control,  and  envelope 
limiting  and  cueing.  As  the  review  of  previous  work  presented  in  this  paper  has 
shown,  a  considerable  extension  of  existing  knowledge  and  techniques  is  required  to 
perform  the  integration  of  all  of  these  elements.  The  goal  is  to  provide  systematic 
modeling  and  design  procedures  capable  of  dealing  with  these  new  problems,  and  to 
integrate  the  technologies  that  have  been  initiated  in  the  joint  research  of  the 
past  10  years. 
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TABLE  2.-  ALGORITHMS  FOR  COMPUTING  TRIM  CONDITIONS  FOR  A  ROTORCRAFT  IN  A  STEADY, 

UNCOORDINATED  FLIGHT 


A.  Steady  Uncoordinated  Turns 
Steady-state  Euler  equations 

n^  -  sin  0  -  tan  <|»2^(sin  a  cos  6  cos  0  sin  $  -  sin  6  cos  0  cos  4>)  «  0 

Uy  +  cos  0  sin  -  tan  cos  6 (cos  a  cos  0  cos  <l>  +  sin  a  sin  0)  =  0 

n^  +  cos  0  cos  <I>  +  tan  (J>j(sin  3  sin  0  +  cos  a  cos  3  cos  0  sin  *=  0 

“  +  -  P*>  +  ^xy‘1’'  ■  ^yzP’’  +  *  ^x^’^P  °  ° 

N  +  I,jy(p’-  -  q^)  +  ly^rp  -  +  (I^  -  Iy)pq  =  0 


(t>i  -  tan* 


=  ±  tan 


Kinematic  relationships 


‘(?) 

1  f(n^  -  l)^/n 

I  cos  Y  J  * 


+  right  turn;  -  left  turn 


^  „2  .  „2  .  ^2 

n  *  n  +  n  t  n 
X  y  z 


q  =  T  sin^(f>j^|“  (sin  y  sin  3  +  Hy  cotan^<|)^) 
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model . 
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Figure  2.-  Structure  of  control  system  model. 


Figure  3.-  UH-1H  V/STOLAND  control  system  longitudinal  and  lateral  cyclic  controls. 
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Figure  4.-  Simulated  UH-1H  V/STOLAND  actuating  system. 
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Figure  5.-  BO- 105  S3  control  system. 
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Figure  6.-  Simulated  BO- 105  S3  actuator  dynamics. 
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Figure  7.-  HPM  governor,  (a)  Generic,  (b)  Simulated 
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Figure  10.-  Comparison  of  calculated  and  CH-47B  flight  test  results  concerning  gain 

limits. 
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Figure  11.-  ADOCS  flight  control  system  concept  (from  ref.  19). 
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Figure  13.-  Pitch  axis,  digital  control  system. 


Figure  14.-  Actuator  rate  (6.  )  response  to  a  step  input,  6^, 
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body-flapping  model. 
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Figure  16.-  The  refined  design  methodology  (from  ref.  33) 
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Figure  17--  Basic  model-following  control  system  concept. 
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Figure  22.-  Optimal  pilot-model. 
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(a)  MODIFIED  NEWTON-RAPHSON 


(b)  EXTENDED  KALMAN  FILTER  METHOD 

Figure  23.-  Parameter  identification  methods  (from  ref.  91).  (a) 

Raphson.  (b)  Extended  Kalman  filter  method. 
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Figure  24.-  Examples  of  time-history  mismatch  using  good  identification  algorithms. 
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Figure  25.-  Integrated  rotorcraft  system  identification  procedure  (from  ref.  84). 
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Figure  26.-  Time-domain  identification  method. 
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Figure  27.-  Frequency-domain  identification  method. 
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Figure  29.-  Comparison  of  frequency  response  of  roll  rate  to  lateral  control  in 
hover,  extracted  from  flight  and  simulation  models  for  the  XV-15. 
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Figure  30.-  Comparison  of  frequency  responses  extracted  from  flight  with  those 

generated  from  identified  raoiJel. 
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Figure  35.-  Comparison  of  predicted  responses  of  identified  models  with  flight  data. 
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SUMMARY 

The  NASA  Ames  and  Lewis  Research  Centers,  in  conjunction  with  the  Army 
Research  and  Technology  Laboratories  have  initiated  and  completed,  in  part,  a 
joint  research  program  focused  on  improving  the  performance,  maneuverability 
and  operating  characteristics  of  rotorcraft  by  integrating  the  flight  and 
propulsion  controls.  The  background  of  the  program,  its  supporting  programs, 
its  goals  and  objectives,  and  an  approach  to  accomplish  them  are  discussed  in 
this  paper.  Results  of  the  modern  control  governor  design  of  the  T700  and  the 
Rotorcraft  Integrated  Flight-Propulsion  Control  Study,  which  were  key  elements 
of  the  program,  are  also  presented. 


BACKGROUND 

Dynamics  interface  problems  involving  the  engine/fuel  control  and  the 
helicopter  rotor/airframe  have  been  around  for  a  long  time.  They  include 
engine  torque  and  fuel  control  system  oscillations,  multi-engine  load-sharing, 
undesirable  rotor  speed  variations  during  maneuvers,  and  excessive  helicopter 
vibration.  The  helicopter  rotor  and  drive  train  system  have  lightly  damped 
torsional  dynamic  modes  which  are  within  the  bandwidth  of  the  engine  fuel 
control  system  as  shown  in  figure  1.  This  figure  is  a  bar  chart  of  fre¬ 
quencies  at  which  various  dynamic  modes  commonly  occur  in  rotorcraft.  It  also 
shows  the  frequency  ranges  involved  in  rotorcraft  design  and  analysis  tasks 
and  that  the  majority  of  these  tasks  require  models  that  are  accurate  in  a 
frequency  range  up  to  10  hertz.  In  addition,  the  trend  towards  using  lower 
inertia  rotor  systems  in  modern  helicopters  reduces  the  level  of  kinetic 
energy  stored  in  the  system  and  makes  the  rotor  even  more  susceptible  to  large 
variations  in  its  rotational  speed  during  rapid  maneuvers.  These  rotor  and 
speed  transients  can  increase  pilot  workload  and  can  eventually  lead  to  under¬ 
utilization  of  the  aircraft's  maneuvering  capability  because  of  pilot 
apprehension. 
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Toward  the  end  of  the  1970's  the  U.S.  Army  Applied  Technology  Laboratory 
instituted  a  contractural  program  designed  to  provide  a  complete  report  of 
past  and  present  engine/airframe/drive-train  dynamic  interface  problems.  The 
result  of  this  effort  was  a  series  of  reports  from  several  helicopter  airframe 
manufacturers  who  documented  their  specific  problems  with  vehicles  developed 
over  the  last  several  years  (refs.  1  to  5) .  The  ultimate  benefit  was  to  be 
the  accumulation  of  data  that  would  eventually  lead  to  a  solution  of  these 
generic  dynamic  interaction-type  problems.  Although  much  of  the  documentation 
dwelt  upon  vibration  and  oscillatory  loading  problems  related  to  rotor  harmon¬ 
ics  excitations,  stability  and  response  problems  associated  with  the  combining 
of  two  or  more  components  or  systems  were  universally  stated.  Dynamic  inter¬ 
face  problems  of  this  type  are  among  the  last  to  be  seen  in  the  design  of  a 
subsystem  such  as  an  engine  since  they  involve  the  presence  of  another  sub¬ 
system  such  as  a  drive  train  and  rotor. 

The  dynamic  interface  problems  that  are  not  anticipated  in  the  design 
stage  can  surface  later  in  the  ground  or  flight  test  phases  of  a  helicopter 
development  program,  requiring  costly  add-on  modifications  to  "fix"  the  prob¬ 
lems.  The  prediction  of,  and  solution  of,  these  problems  require  complemen¬ 
tary  Interaction  between  manufacturers  and  the  several  technical  disciplines. 
In  future  years,  the  satisfactory  design  of  fully  integrated  systems  will 
require  more  coordination  among  the  airframe,  engine,  and  control 
manufacturers. 


PROGRAM  GOALS  AND  OBJECTIVES 

To  examine  potential  benefits  that  might  accrue  from  integrating  the 
flight  and  propulsion  controls,  NASA  Lewis  and  NASA  Ames  initiated  a  joint 
program  to  investigate  advanced  concepts  in  digital  active  flight-propulsion 
controls  aimed  at  (1)  improving  precision  flight  path  control,  (2)  expanding 
the  operational  flight  envelope,  and  (3)  reducing  pilot  workload.  These 
goals  are  accomplished  by  applying  a  systems  approach  to  the  design  of  an 
integrated  flight-propulsion  control  system  to  improve  performance  and  han¬ 
dling  qualities  of  the  helicopter  and  evaluating  the  system  through  piloted 
simulation  and  actual  flight. 


APPROACH 

The  program  orginally  conceived  consisted  of  three  phases  as  shown  on 
figure  2.  Phase  I  included  modeling  and  analysis  and  Phase  II  concerned 
itself  with  piloted  ground-based  simulation  with  integrated  flight-propulsion 
controls.  Phase  III  was  a  proposed  flight  hardware  and  software  development 
program  leading  to  a  flight  evaluation  which  has  since  been  canceled.  Phases 
I  and  II  were  part  of  an  on-going  NASA  research  and  technology  base  program, 
and  Phase  III  was  a  planned  future  activity.  In  executing  this  program,  a 
coordinated  effort  was  made  which,  in  addition  to  NASA  Ames  and  Lewis  Research 
Centers,  involved  the  participation  of  university,  industry,  and  elements  of 
the  Army  Aeromechanics  and  Propulsion  Laboratories. 

In  Phase  I,  effort  focused  on  the  development  and  use  of  a  comprehensive 
mathematical  model  for  the  combined  helicopter/engine  system  for  nonreal-time 
simulation  of  flight  dynamics  and  parametric  studies.  A  specific  helicopter/ 
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engine  system,  namely  an  Army/Sikorsky  Black  Hawk  UH-60A  with  Its  GE  T700-701 
engines  Is  used  as  the  baseline.  NASA  Lewis  Research  Center  developed  the 
baseline  T700  engine/fuel  control  system  model  for  Integration  Into  the  Black 
Hawk  mathematical  model.  This  engine  model  was  correlated  and  validated  by 
T700  ground  tests  conducted  at  NASA  Lewis.  NASA  Ames  correlated  and  validated 
the  total  system  model  with  Black  Hawk  flight  test  data.  The  primary  research 
emphasis  of  this  phase  of  the  program  was  to  determine  and  quantify  the  key 
parameters  that  significantly  Influence  the  engine/hellcopter  rotor/airframe 
coupling  and  overall  systems  performance.  Piloted  simulations  using  both  the 
vehicle  and  propulsion  models  developed  by  the  respective  flight  and  propul¬ 
sion  centers  were  conducted  on  the  Vertical  Motion  Simulator  (VMS)  as  depicted 
In  figure  3  to  assess  the  Influences  of  those  key  system  parameters  on  the 
handling  qualities  for  Important  missions  such  as  NOE  flight,  helicopter  air 
combat,  and  search  and  rescue  operations. 

Coordinated  contract  effort  and  In-house  research  was  pursued  In  Phase  II 
of  the  program  to  develop  Integrated  flight-propulsion  control  concepts.  The 
contract  effort  Involved  a  team  of  engine  fuel  control  specialists  and  engine 
and  airframe  manufacturers.  Promising  concepts  were  evaluated  on  the  non¬ 
linear  helicopter-engine  model  over  a  wide  range  of  flight  conditions  and  then 
further  assessed  using  ground-based  simulations  and  engine  test.  The  merits 
were  evaluated  with  respect  to  handling  qualities,  pilot  workload,  maneuver 
performance,  engine  performance,  and  mission  capability  using  representative 
military  and  civil  mission  tasks. 


SUPPORTING  PROGRAMS 

A  number  of  supporting  programs  sponsored  or  conducted  by  NASA  and  the 
Army  over  the  last  several  years  are  summarized  here  to  provide  background  on 
previous  work  that  led  to  and  related  to  the  current  program. 


Engine  Governor  Response  Study 

At  NASA  Ames,  under  a  collaborative  program  with  the  Army  Aeromechanics 
Laboratory,  a  sequence  of  piloted  simulation  experiments  were  conducted  on  the 
VMS  to  Investigate,  In  a  generic  sense,  the  effects  of  engine  response,  rotor 
Inertia,  rotor  speed  control,  excess  power,  and  vertical  sensitivity  and 
damping  on  helicopter  handling  qualities  In  hover  and  representative  low-speed 
NOE  operations  (refs.  6  to  8).  It  was  found  that  variations  In  the  engine 
governor  response  time  can  have  significant  effect  on  helicopter  handling 
qualities  as  shown  In  figure  4.  Satisfactory  (Cooper-Harper  pilot  rating) 
handling  qualities  and  rotor  speed  control  were  achelved  only  with  a  highly 
responsive  governor.  An  effective  engine  governor  time  constant  of  no  more 
than  0.25  seconds  was  required  to  achieve  a  satisfactory  level  of  handling 
qualities  over  a  wide  range  of  aircraft  vertical  damping.  Increases  In  the 
effective  engine  governor  time  constant  resulted  In  poor  rotor  overspeed  and 
underspeed  control. 

In  addition  to  requiring  rapid  engine  response  time,  an  appropriate  level 
of  excess  power,  or  thrust-to-welght  ratio.  Is  required  to  achieve  satis¬ 
factory  handling  qualities  for  many  maneuvers.  The  excess  power  requirements 
for  the  NOE  tasks  were  Investigated  with  various  levels  of  vehicle  vertical 
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damping.  In  addition  to  the  required  engine  response  time  mentioned  earlier, 
an  appropriate  level  of  excess  power  as  shown  in  figure  5  was  found  to  be 
required  to  achieve  satisfactory  handling  qualities  for  the  bob-up  task  eval¬ 
uated.  Results  indicated  that  the  required  level  of  excess  power  is  a  strong 
function  of  the  vertical  damping  and  is  minimized  at  a  vertical  damping  of 
around  -0.8  radians  per  second. 

The  thrust  response  of  a  helicopter  is  influenced  not  only  by  engine 
governor  dynamics  and  vertical  damping,  but  also  by  the  energy  stored  in  the 
rotor  which  is  a  function  of  its  inertia.  The  experimental  results  indicated, 
however,  that  increase  in  rotor  inertia  had  only  a  minor  but  desirable  effect 
on  handling  qualities.  The  effect  of  handling  qualities  on  requirements  for 
pilot  monitoring  and  control  of  rotor  speed  was  found  to  be  significant. 

Thus,  techniques  to  relieve  the  pilot  of  the  task  of  monitoring  and  control  of 
rotor  speed  warrant  serious  consideration. 


Small  Turbojet  Engine  Program 

NASA  Lewis  and  the  Army  RTL  Propulsion  Laboratory  have  participated  in  a 
cooperative  program  to  conduct  digital  controls  research  for  small  turboshaft 
engines  (ref.  9).  The  emphasis  of  the  program  is  on  engine  test  evaluation  of 
advanced  modern  control  logic  using  a  flexible  microprocessor-based  digital 
control  system.  The  digital  control  system  used  is  designed  specifically  for 
research  on  advanced  control  logic.  Control  software  is  stored  in  programable 
memory.  New  control  algorithms  may  be  stored  in  a  floppy  disk  and  loaded  into 
memory  to  facilitate  comparative  evaluation  of  different  advanced  control 
modes.  Software  checkout  is  accomplished  prior  to  engine  test  by  connecting 
the  digital  control  to  a  real-time  hybrid  simulation  of  the  engine. 

The  engine  used  in  the  facility  was  a  General  Electric  YT700.  The  hydro¬ 
mechanical  control  was  modified  to  allow  electrohydraulic  fuel  metering  and 
variable  guide  vane  actuation  by  the  research  digital  control.  The  research 
objective  was  to  demonstrate  improved  power  turbine  speed  governing  using 
modern  control  theory  as  compared  to  the  baseline  governor  control. 


Modern  Control  Governor  Design  Study 

Under  the  program  described  above.  General  Electric  recently  completed  a 
study  under  contract  to  NASA  Lewis  for  the  design  of  a  turboshaft  speed  gov¬ 
ernor  using  modern  control  techniques  (ref.  10).  Among  the  objectives  of  this 
research  program  was  a  requirement  to  design  a  high  performance  power  turbine 
speed  governor  using  modern  control  methods.  A  power  turbine  governor  was 
designed  using  the  linear  quadratic  regulator  (LQR)  method  of  full  state 
feedback  control.  A  Kalman  filter  observer  was  used  to  estimate  helicopter 
main  rotor  blade  velocity.  Simulation  results,  as  shown  in  figure  6,  show 
that  the  modern  control  provides  better  rotor  speed  governing  than  the  base¬ 
line  control.  Shown  is  the  power  turbine  speed  response  to  an  acceleration 
caused  by  a  40  to  70  percent  collective  pitch  increase  in  0.1  second.  The 
transients  were  made  with  the  Black  Hawk  rotor  using  the  nonlinear  DISCUS  _ 
model,  the  manufacturer's  reference  performance  standard  transient  model  model 
of  the  T700  engine,  without  load  demand  spindle  compensation.  Overall,  com¬ 
pared  to  the  baseline  T700  power  turbine  speed  governor,  the  LQR  governor  in 
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this  study  reduced  droop  up  to  25  percent  for  a  490  shaft  horsepower  transient 
In  0.1  second  simulating  a  wind  gust,  and  up  to  85  percent  for  a  700  shaft 
horsepower  transient  In  0.5  second  simulating  a  large  collective  pitch  angle 
transient.  Unfortunately,  the  control  design  was  never  evaluated  experi¬ 
mentally  since  the  program  was  terminated  at  NASA  Lewis.  More  detail  on  the 
modern  control  technique  used  1n  this  study  follow  later  In  this  paper. 


Adaptive  Fuel  Control  Program 

The  Adaptive  Fuel  Control  program,  sponsored  by  the  Army  ATL  Research  and 
Technology  Laboratories,  Is  an  outgrowth  of  the  full  authority  digital  elec¬ 
tronic  control  used  on  the  ATDE  (refs.  11  to  13).  The  objective  of  Phase  I, 
the  feasibility  Investigation,  was  to  determine  the  feasibility  of  designing 
an  electronic  control  with  the  capability  of  adapting  Its  control  character¬ 
istics  while  In  operation  to  optimize  engine  performance.  The  first  step  was 
to  Identify  the  prospective  adaptive  concepts  to  be  Investigated  and  then 
analyze  them  using  a  flight  dynamics  simulation.  The  concepts  which  proved 
feasible  were  Incorporated  Into  a  preliminary  design.  Phase  II  of  the  program 
was  to  use  the  results  of  Phase  I  to  fabricate  an  electronic  control  and 
conduct  bench  and  engine  tests.  Phase  III  1s  a  current  activity  of  the  pro¬ 
gram  which  brings  the  adaptive  controller  Into  a  flight  test  program.  The 
objective  here  Is  to  verify  the  performance  of  the  adaptive  control  during 
flight  for  expected  Improvements  In  maneuverability,  engine  control,  torsional 
stability  and  pilot  workload.  In  addition,  the  modern  control  concept  dis¬ 
cussed  In  the  previous  section  will  also  be  flight  evaluated. 

The  Adaptive  Fuel  Control  program  has  Identified  significant  benefits  In 
agility  and  reduced  pilot  workload  through  the  use  of  several  digital  fuel 
control  elements  for  Improved  rotor  speed  governing.  References  11  to  13 
present  the  results  of  the  program  to  date.  Using  combined  aircraft  and 
propulsion  control  simulations.  Improvements  In  handling  qualities  and  vehicle 
performance  were  noted.  For  example,  significantly  reduced  rotor  speed  droop 
following  power  recovery  from  autorotation  was  shown.  Conventional  fuel 
controls  In  rotorcraft  have  particular  trouble  with  flight  profiles  that 
generate  high  g  fields.  A  typical  example  of  such  a  maneuver  is  the  quick- 
turn  evasive  maneuver.  Figure  7  Illustrates  the  performance  of  the  adaptive 
control  In  comparison  to  the  conventional  baseline  control  for  such  a  man¬ 
euver.  The  maneuver  was  performed  from  level  flight  at  120  knots.  A  bank 
angle  of  60®  and  2.5  g's  were  achieved.  The  critical  Issue  here  Is  the  engine 
torque  recovery  when  the  pilot  rolls  out  of  the  turn  at  the  6  second  mark. 

Since  collective  pitch  is  not  being  modulated  and  the  rotor  is  decoupled  from 
the  power  turbine,  the  baseline  control  has  no  information  with  which  to 
arrest  the  decay  rate  of  the  rotor.  A  subsequent  rotor  speed  droop  occurs  to 
the  detriment  of  aircraft  flying  qualities.  The  adaptive  control,  however, 
sensing  rotor  speed  decay.  Invokes  its  rotor  decay  anticipation  feature  to 
spool  up  the  engine  and  provide  for  a  smooth  engine  torque  recovery.  Power 
recovery  time  delays  are  eliminated,  rotor  speed  droop  and  subsequent  over¬ 
speed  are  minimized,  and  engine  torque  applications  are  smooth.  When  compared 
to  the  baseline  case,  a  significant  improvement  in  flying  quality  has  been 
achieved  with  the  adaptive  control. 

The  Adaptive  Fuel  Control  study  also  identified  a  significant  benefit  from 
variable  rotor  speed  during  cruise.  Rotor  speed  optimization  was  found  to 
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reduce  fuel  consumption  by  5  to  10  percent  for  some  cruise  conditions.  Al¬ 
though  the  focus  of  the  program  is  on  improved  propulsion  controls,  it  pro¬ 
vides  a  strong  basis  further  work  on  integrated  flight-propulsion  controls. 


ROTORCRAFT  INTEGRATtD  FLIGHT-PROPULSION  CONTROL  STUDY 

On  the  basis  of  the  program  described  above,  the  next  logical  step  in  the 
progression  of  the  programs  described  above  was  to  consider  vehicles  which 
will  have  both  digital  flight  and  propulsion  controls  and  to  identify  the 
benefits  in  mission  performance  for  a  fully  integrated  digital  flight- 
propulsion  control  system.  As  a  part  of  satisfying  that  need,  NASA  Lewis 
contracted  with  Sikorsky  Aircraft  Division  of  United  Technologies  Corporation 
to  investigate  the  benefits  of  integrating  the  flight  and  propulsion  control 
systems  in  helicopters.  The  Sikorsky  UH-60A  Black  Hawk  helicopter  with 
General  Electric  T700  engines  was  used  as  a  typical  modern  rotorcraft  for  this 
effort  because  state-of-the-art  vehicle  and  propulsion  simulations  were 
available  for  domestic  dissemination. 

Sikorsky  Aircraft  conducted  a  study  whose  primary  objective  was  the  iden¬ 
tification  of  the  benefits  associated  with  an  integrated  flight-propulsion 
control  system  for  rotorcraft.  This  was  accomplished  by  designing  such  a 
system,  following  appropriate  concept  screening,  then  incorporating  and  eval¬ 
uating  the  integrated  control  in  a  NASA  supplied  Black  Hawk/T700  simulation 
and  further  recommending  experiments  to  be  conducted  by  NASA  using  the  VHS  at 
NASA  Ames  with  their  modified  Black  Hawk  simulation.  The  work  was  performed 
at  Sikorsky  Aircraft  and  was  supported  by  General  Electric  and 
Evans  Division  of  Colt  Industries.  A  detailed  report  will  be  available  in  the 
near  future  (ref.  14). 


Study  Summary 

An  eclectic  approach,  taking  the  best  features  of  past  flight  and 
propulsion  control  concepts,  as  opposed  to  a  global  approach,  an  approach 
which  considers  the  system  without  prior  control  system  knowledge,  was  taken 
in  a  study  of  the  integration  of  digital  flight  and  propulsion  controls  for 
helicopters.  The  basis  of  the  evaluation  was  a  current  simulation  of  the 
UH-60A  Black  Hawk  helicopter  with  a  model  of  the  GE  T700-GE-701  engine 
developed  by  NASA. 

A  list  of  segments  of  flight  maneuvers  to  be  used  to  evaluate  the  effec¬ 
tiveness  of  the  resulting  integrated  control  system  was  composed  based  on  past 
experience  and  an  extensive  survey  of  the  recently  acquired  U.S.  Army  Air-to- 
Air  Combat  Test  (AACT)  data. 

A  number  of  possible  features  of  an  integrated  system  were  examined. 

Those  chosen  were  combined  into  a  design  that  replaced  the  T700  fuel  control 
and  part  of  the  Black  Hawk  control  system.  This  design  consisted  of  portions 
of  an  existing  pragmative  adaptive  fuel  control  design  by  Chandler  Evans  and 
an  LQR-based  power  turbine  speed  governor  design  by  General  Electric.  These 
design  features  were  integrated  with  changes  in  the  baseline  Sikorsky  flight 
control  system. 
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A  cursory  assessment  of  the  design  is  presented  here  with  a  summary  pro¬ 
vided  for  each  of  the  major  elements  of  the  study. 


Aircraft  Modeling 

Aircraft  simulation  model.  -  The  mathematical  model  of  the  Black  Hawk  is  a 
generalized  and  modularized  analytical  representation  of  a  total  helicopter 
system  developed  under  Sikorsky's  Master  Generic  Helicopter  (MGH)  system 
(ref.  15).  It  normally  operates  in  the  time  domain  and  allows  the  simulation 
of  any  steady  or  maneuvering  condition  which  can  be  experienced  by  a  pilot. 

The  basic  model  is  a  total  force,  nonlinear,  large  angle  representation  in 
six  rigid  degrees  of  freedom.  In  addition,  rotor  rigid  blade  flapping,  lag¬ 
ging  and  hub  rotational  degrees  of  freedom  are  represented.  The  latter  degree 
of  freedom  is  coupled  to  the  engine  and  fuel  control.  Motion  in  the  blade  lag 
degree  of  freedom  is  resisted  by  a  nonlinear  lag  damper  model. 

The  total  rotor  forces  and  moments  are  developed  from  a  combination  of  the 
aerodynamic,  mass  and  inertia  loads  acting  on  each  simulated  blade.  The  rotor 
aerodynamics  are  developed  using  a  blade  element  approach.  The  fuselage  is 
defined  by  six  component  aerodynamic  characteristics  which  are  obtained  from 
wind  tunnel  data  which  have  been  extended  analytically  to  large  angles. 

The  baseline  flight  control  system  for  the  Black  Hawk  presented  in  this 
model  covers  the  primary  mechanical  flight  control  system  and  the  Automatic 
Flight  Control  System  (AFCS).  The  latter  incorporates  the  Stability  Augmen¬ 
tation  System  (SAS),  the  Pitch  Bias  Actuator  (PBA),  the  Flight  Path  Stabili¬ 
zation  (FPS)  and  the  stabilator  mechanization.  The  analytical  definition  of 
the  control  system  incorporates  the  sensors,  shaping  networks,  logic  switch¬ 
ing,  authority  limits  and  actuators. 

Model  correlation.  -  The  present  MGH  representation  of  the  Black  Hawk  has 
been  correlated  with  flight  test  data  (ref.  16).  In  trim,  the  small  number  of 
rotor  blade  segments  and  lack  of  detailed  corrections  prevent  its  use  for 
predicting  aircraft  performance  to  within  performance  guarantee  levels. 

However,  trim  attitudes  and  control  positions  are  adequately  forecast.  Dynam¬ 
ically,  MGH  shows  good  correlation  with  aircraft  motion  taken  from  flight  test 
data.  The  simulation  system  is  routinely  used  for  the  successful  prediction 
of  design  values  for  primary  control  systems,  SAS,  first  torsional  engine/ 
rotor  oscillations  and  aircraft  coupled  and  uncoupled  motions. 


Propulsion  System  Modeling 

High-fidelity  propulsion  system  modeling  is  necessary  in  the  investigation 
of  integrated  flight  and  propulsion  controls  for  rotorcraft.  Because  advanced 
propulsion  control  strategies  may  involve  monitoring  or  estimation  of  internal 
engine  states,  an  accurate  internal  representation  of  the  engine  is  required. 
The  present  generation  of  real-time  blade-element  rotor  helicopter  simulations 
such  as  GEN  HEL,  a  derivative  of  MGH  models,  are  able  to  accurately  model 
individual  blade  dynamics  at  such  a  bandwidth  necessary  for  propulsion  system 
modeling.  Because  rotorcraft  propulsion  system  load  demand  typically  varies 
from  zero  power  to  full  power,  the  model  must  be  valid  over  the  full  power 
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range  of  the  actual  engine.  It  must  also  be  valid  over  a  complete  range  of 
ambient  operating  conditions.  Engine  param-  eters  of  primary  importance  to 
real-time  handling  qualities  investigations  include  output  torque  and  dynamics 
of  the  gas  turbines  which  are  necessary  for  pilot  sound  cueing  as  well  as  for 
modeling  of  power  output.  Also  important  are  parameters  used  by  the  fuel 
control  system,  such  as  compressor  discharge  static  pressure  and  internal 
engine  temperatures.  Of  somewhat  less  importance  are  the  internal  mass  flows, 
which  may  be  used  to  determine  proximity  to  limits  such  as  compressor  stall. 

Available  real-time  models  are  based  on  simple  power  versus  fuel  flow 
relationships.  In  more  sophisticated  models,  engine  dynamics  are  based  on 
experimentally  determined  partial  derivatives  of  changes  of  output  torque  to 
changes  in  turbine  speed  and  fuel  flow.  Such  models  are  unsatisfactory  be¬ 
cause  needed  internal  engine  states  may  not  be  modeled.  In  addition,  dynamic 
characteristics  of  existing  models  have  shown  poor  results  in  validation  with 
experimental  data  (ref.  16).  Partial  derivative  models  tend  to  be  valid  only 
for  a  limited  range  of  operating  conditions.  Because  they  are  not  based  on 
the  physical  phenomena  which  they  represent,  their  validity  is  always  in 
question  when  used  under  conditions  at  which  they  are  not  optimized. 

A  relatively  high  level  of  fidelity  is  achievable  by  using  an  engine  model 
made  up  of  individual  engine  components,  each  of  which  is  modeled  based  on 
physical  laws  relating  the  dynamics  of  mass  flow  and  transfer  of  energy.  Such 
component-type  simulations  are  used  by  engine  manufacturers  to  study  the 
transient  behavior  of  engines,  but  they  are  usually  far  too  complex  for  use  in 
real-time  digital  simulation.  A  component  engine  model  which  is  simplified 
for  real-time  use  is  the  most  promising  alternative  to  partial  derivative 
engine  representations.  It  was  therefore  chosen  in  this  study  to  be  appro¬ 
priate  for  the  study  of  flight  and  propulsion  controls  integration. 

In  addition  to  a  sophisticated  engine  model,  accurate  physical  models  of 
the  fuel  control  system,  mechanical  actuators  and  linkages,  and  the  engine^ 
sensors  are  necessary  for  a  correct  representation  of  closed-loop  propulsion 
system  dynamics,  engine  protection  control,  and  the  effects  of  modification  of 
the  propulsion  system  control.  Similarly,  the  vehicle  drive  train  and  acces¬ 
sory  loads  must  be  modeled  so  that  an  acceptable  representation  of  the  power 
requirements  of  the  vehicle  is  obtained. 

Engine  description.  -  The  engine  modeled,  shown  in  figure  8,  is  a  General 
Electric  T700-6E-701 ,  a  small  turboshaft  engine  of  the  1500  horsepower  class 
which  is  used  in  the  UH-60A  Black  Hawk  and  the  AH-64  Apache  helicopters.  It 
consists  of  a  five  stage  axial  and  a  single  stage  centrifugal  flow  compressor, 
a  low-fuel-pressure  through-flow  annular  combustion  chamber,  a  two  stage  axial 
gas  generator  turbine,  and  a  two-stage  independent  power  turbine  (ref.  17). 

The  first  two  stages  of  the  compressor  use  variable  geometry  inlet  guide  vanes 
and  stator  vanes,  and  air  is  bled  from  the  compressor  exit  to  cool  the  gas 
generator  turbine.  The  power  turbine  has  a  coaxial  driveshaft  which  extends 
forward  through  the  front  of  the  engine  where  it  is  connected  to  the  output 
shaft  assembly. 

The  T700  baseline,  or  bi 1 l-of-material ,  fuel  control  system  provides  power 
modulation  for  speed  control,  overtemperature  protection,  and  load  sharing 
between  engines  for  multiple-engine  installations.  It  consists  of  a  hydro¬ 
mechanical  control  unit  (HMU)  for  fuel  metering  as  a  function  of  schedules  of 
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gas  generator  speed  and  power  demand,  and  an  electrical  control  unit  (ECU) 
which  performs  power  turbine  speed  governing  and  overtemperature  protection 
(ref,  18).  A  feed-forward  compensation  of  load  demand  is  achieved  by  adjust¬ 
ing  the  set  point  as  a  function  of  collective  control.  The  compressor  var¬ 
iable  geometry  is  also  controlled  as  a  function  of  inlet  temperature  and  gas 
generator  speed.  The  ECU  provides  output  shaft  speed  control  by  driving  a 
torque  motor  in  the  HMU  based  on  a  power  turbine  speed  error  signal.  The 
torque  motor,  which  is  controlled  by  the  ECU,  adjusts  the  HMU  fuel  demand 
downward  so  that  an  electrical  system  failure  results  in  a  higher  power. 

Power  turbine  inlet  temperature  is  also  monitored  and  fuel  flow  is  reduced 
when  it  exceeds  limits.  Power  may  also  be  increased  if  torque  is  determined 
to  be  lower  than  that  of  another  engine  operating  in  parallel. 

Engine  model .  -  As  a  part  of  ongoing  research  in  turboshaft  engine  tech¬ 
nology,  a  component-type  mathematical  model  was  developed  by  NASA  Lewis  for 
real-time  hybrid  computer  simulation  (ref.  19).  It  is  a  greatly  simplified 
version  of  the  component  version  of  the  component-type  analysis  program  de¬ 
veloped  by  the  manufacturer  and,  although  it  is  inappropriate  for  engine 
development  purposes,  it  is  at  a  level  of  sophistication  necessary  to  model 
the  operating  condition  of  the  engine  as  well  as  engine  transient  behavior. 

It  was  chosen  to  serve  as  the  basis  for  development  of  a  digital  simulation 
which  is  adequate  for  use  with  real-time  blade-element  rotorcraft  simulations. 

A  diagram  of  the  major  components  separated  by  mixing  volumes  is  shown  in 
figure  9.  The  four  major  components  are  separated  by  fluid  mixing  volumes. 
Each  of  the  fluid  mixing  volumes  is  associated  with  flow  passages  within  the 
engine  where  thermodynamic  states  are  quantifiable.  States  of  the  gas  in  each 
control  volume  are  expressed  in  terms  of  pressure,  temperature  and  mass  flow. 
They  are  determined  as  functions  of  energy  transfer  across  each  component. 
Equations  describe  each  component  in  terms  of  the  component  state,  thermody¬ 
namic  states  upstream  and  downstream  of  the  component,  energy  applied  to  or 
from  the  component,  and  efficiencies  of  energy  transfer.  Dynamics  of  the 
rotating  components  are  modeled  by  relating  changes  of  angular  rotation  of  a 
given  component  to  its  moment  of  inertia  and  the  applied  torque.  A  load  from 
an  external  source  is  required  to  determine  power  turbine  and  output  shaft 
speed.  Losses  associated  with  fluid  dynamic  or  mechanical  processes  are 
represented  by  single  or  multivariable  functions  based  on  previously  derived 
or  empirical  data.  Inputs  to  the  simulation  consist  of  ambient  temperature 
and  pressure  at  the  inlet,  pressure  at  the  exhaust,  and  fuel  flow. 

Modeling  simplifications  made  in  the  development  of  the  NASA  Lewis  hybrid 
simulation  model  were  based  on  a  general  simulation  technique  developed  at 
NASA  Lewis  (ref.  20)  as  well  as  experience  with  small  turboshaft  engines. 

Power  turbine  efficiency  as  a  function  of  its  speed  was  neglected  because,  for 
the  designed  use  of  the  model,  the  power  turbine  deviates  only  a  few  percent 
from  its  design  speed.  No  modeling  of  compressor  surge,  heat  soak  losses  or 
exhaust  pressure  losses  was  attempted.  Linear  relationships  were  used  to 
describe  secondary  effects  such  as  bleed  flows.  Dynamics  of  the  variable 
geometry  guide  vanes  were  assumed  to  be  instantaneous.  A  digital  program  was 
then  produced  using  the  Continuous  System  Modeling  Program  (CSMP)  which 
accurately  reproduced  steady-state  operation  of  an  experimental  test  article 
operated  at  NASA  Lewis. 
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In  the  development  of  a  real-time  model,  the  CSMP  model  was  used  as  a 
basis  to  develop  a  program  in  FORTRAN  using  real-time  digital  programming 
methods.  During  the  validation,  it  was  discovered  that  the  original  model 
contained  too  much  simplification  to  correctly  model  engine  dynamics.  Con¬ 
sultation  with  the  engine  manufacturer  resulted  in  the  addition  of  models  for 
losses  caused  by  heat  dissipation  within  the  gas  generator  and  exhaust  flow 
downstream  of  the  power  turbine.  A  model  of  power  turbine  efficiency  as  a 
function  of  its  speed  was  also  found  to  be  necessary  to  model  the  low  power 
closed-loop  dynamic  response  properly.  The  HMU  required  the  addition  of 
metering  valve  and  collective  anticipation  lags,  fuel  transport  delay  and 
combustor  lag,  and  models  of  sensor  hysteresis.  The  ECU  also  required  a  more 
sophisticated  model  of  torque  motor  dynamics. 

Real-time  implementation  of  engine  model,.  -  Each  of  the  control  volumes 
within  the  engine  is  associaFed  with  a  temperature,  pressure  and  change  of 
mass  of  the  air  and  fuel.  During  steady-state  operation  of  the  engine,  a 
state  of  equilibrium  exists  between  the  control  volumes  for  each  of  these 
parameters.  A  change  in  the  state  of  any  control  volume  creates  pressure  and 
mass  flow  changes  in  the  other  control  volumes  until  a  new  equilibrium  is 
achieved.  The  dynamics  associated  with  this  change  are  very  rapid  and  there¬ 
fore  have  a  negligible  effect  on  the  lower  frequency  engine  and  vehicle  dy¬ 
namics.  Discrete  modeling  of  such  high  frequency  dynamics  necessitates  step¬ 
ping  forward  in  time  with  extremely  small  increments  resulting  in  a  high 
computation  overhead  which  is  unacceptable  for  real-time  simulation.  A  quasi¬ 
static  approximation  of  the  volume  dynamics  of  the  engine  was  therefore  made. 
High-speed  dynamics  were  eliminated  by  approximating  pressures  and  mass  flows 
within  the  mixing  volumes  to  be  in  equTlibrium  at  all  times. 


Several  existing  real-time  and  nonreal-time  computer  models  of  turbojet 
engines  use  the  quasi-static  volume  dynamics  approximation  (refs.  21  to  23). 
Methods  differ  in  the  application  of  a  numerical  scheme  which  allows  an  iter¬ 
ative  convergence  to  equilibrium  with  a  minimum  use  of  computation  time.  An 
opened  iteration  scheme  is  normally  used,  sometimes  in  conjunction  with  a  set 
of  predetermined  partial  derivatives  of  engine  states.  However,  an  opened 
iteration  does  not  allow  control  of  convergence  or  of  the  amount  of  error 
produced.  A  fixed-point  iteration  method  was  found  to  meet  the  requirements 
of  computational  efficiency  and  small  error.  A  successive  overrelaxation 
technique  was  used  to  control  the  speed  of  convergence. 


Engine  model  validation.  -  Steady-state  engine  performance  was  verified  to 
be  within  normal  limits  of  operation  by  comparison  with  the  experimental 
engine  operated  by  NASA  Lewis  and  with  DISCUS.  Loading  conditions  were  dup¬ 
licated  by  using  a  model  of  the  NASA  Lewis  test  engine  dynamometer  described 
in  reference  9.  The  load  is  variable  based  on  a  simulated  collective  pitch 
control  input.  This  input  is  used  to  trim  the  engine  at  the  design  shaft 
speed  for  a  specified  fuel  flow.  Excellent  agreement  was  obtained  with  the 
manufacturer's  model.  Gas  generator  speed  was  found  to  have  a  maximum  error 
of  1  percent  while  output  torque  error  is  less  than  4  percent.  Hot  section 
temperatures  also  correlated  well  with  a  maximum  error  in  gas  generator  tur¬ 
bine  inlet  temperature  of  less  than  1  percent  with  a  corresponding  error  in 
power  turbine  inlet  temperature  of  slightly  over  1  percent.  Comparison  of  the 
real-time  model  with  NASA  experimental  engine  test  resulted  in  fair  agree¬ 
ment.  The  experimental  engine  is  a  prototype  model  which  does  not  reproduce 
specification  performance.  Real-time  model  turbine  speeds  were  within  3 
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percent  of  the  test  engine  speeds.  However,  temperatures  at  the  power  turbine 
Inlet  were  6  to  7  percent  lower  than  those  of  the  test  engine. 

Transient  operation  was  validated  by  comparison  to  DISCUS-generated  time 
histories.  The  control  system  was  disconnected  so  that  transients  resulting 
from  direct  fuel  flow  Inputs  could  be  compared.  Under  these  conditions,  large 
changes  of  fuel  flow  result  In  large  changes  of  power  turbine  speed.  Power 
turbine  efficiency  Is  modeled  as  a  function  of  Its  speed  In  the  real-time 
model  only  for  small  speed  excursions  about  the  design  point.  Transient  data 
were  therefore  received  from  executions  of  the  manufacturer's  program  with  the 
power  turbine  dynamics  suppressed,  allowing  power  turbine  speed  to  be  con¬ 
stant.  Output  torque  was  then  used  as  a  measure  of  engine  power.  Fuel  Inputs 
were  applied  as  Instantaneous  steps. 

Results  are  Illustrated  In  figures  10  and  11.  As  shown  In  figure  10,  the 
two  simulations  are  1n  close  agreement  for  a  step  Increase  from  mid-power  to 
high  power.  Gas  generator  speed  Is  overestimated  by  approximately  2  percent, 
due  mainly  to  performance  map  approximations,  whereas  the  output  torque  re¬ 
sponses  correlate  well.  Power  turbine  Inlet  temperature  Is  underestimated  by 
the  real-time  program.  This  discrepancy  Is  a  characteristic  of  the  model 
which  was  experienced  under  all  validation  conditions.  Because  the  error  Is 
small  and  dynamic  characteristics  are  retained,  the  modeling  of  power  turbine 
temperature  Is  considered  adequate.  Low  power  engine  performance  Is  shown  In 
figure  11,  which  represents  a  step  decrease  In  fuel  flow  to  below  Idle  power. 
The  real-time  model  torque  again  shows  close  agreement  with  DISCUS.  Gas 
generator  dynamics  are  also  accurately  modeled. 

An  example  of  the  closed-loop  engine  performance  with  the  blade-element 
helicopter  simulation  Is  shown  In  figure  12.  Flight  test  data  obtained  from 
reference  16  were  used  as  Inputs  to  the  real-time  program  and  test  results  are 
Included  for  comparison.  Turbine  speeds  and  torque  output  are  reproduced 
correctly.  Discrepancies  seen  In  fuel  flow  are  attributed  to  the  location  of 
the  sensor  used  on  the  test  vehicle.  This  sensor  was  mounted  upstream  of  the 
HMU's  sensor  and  therefore  did  not  correctly  reproduce  the  fuel  flow  tran¬ 
sients. 


Integrated  Flight-Propulsion  Control  Design 

The  following  sections  highlight  each  element  of  the  Integrated  control 
design  concept  and  explain  Its  purpose  and  the  techniques  used  to  Integrate 
the  feature  Into  the  overall  system.  Because  the  design  Is  presently  a  com¬ 
puter  simulation,  no  attempt  was  made  to  determine  which  part  of  the  control 
software  belongs  on  which  processor  or  the  optimal  routing  of  signals  between 
sensors,  actuators,  and  processors  that  might  be  applied  to  a  practical  flight 
vehicle  Implementation.  Memory  requirements  and  execution  speeds  were  not 
considered. 

The  core  of  the  controller  Is  a  modern  control  power  turbine  speed  gover¬ 
nor  whose  reference  speed  may  be  modulated  by  various  combinations  of  vari¬ 
ables  representing  present  or  anticipated  airframe-engine  states.  The  power 
turbine  governor  Itself  consists  of  a  linear  quadratic  regulator  state  feed¬ 
back  algorithm  In  which  rotor  tip  speed  Is  estimated  by  a  Kalman  filter. 
Additional  adaptive  logic  Is  used  to  anticipate  rotor  decay  and  help  recovery 


910 


from  the  declutched  state.  The  traditional  collective  pitch-to-load  demand 
spindle  input  to  the  fuel  control  is  retained  but  in  digital  form.  J*'®  . 

equally  traditional  collective  pitch-to-tail  rotor 

by  a  measured  engine  torque-to-tail  rotor  collective  link.  An  .. 

power  available  to  hover  is  provided  for  the  pilot.  A  cue  for  inhibiting  the 
application  of  collective  input  while  the  fuel  control  on  its  acceleration 
schedule  is  provided  by  a  logic  signal.  A  variety  of  collective  movements 
following  engine  failure,  depending  on  height  and  velocity,  are  available.  A 
switchable  fuel  consumption  minimizer  operating  in  conjunction  with  ad 
loops  in  the  AFCS  is  also  available. 

Linear  ouadrafic  regulator  power  turbine  speed  goverp^.  -  The  of 

a  power  turbine  governor  for  helicopter  applications  is  to  maintain  constant 
SoSer  turbine  governor  speed  in  the  presence  of  torque  load  changes  in  the 
hemopter  rotor  system.  Such  governors  in  the  past  have  used  feedback  o  the 
speed  error  from  some  reference  value  to  regulate  fuel  flow  to 
with  an  Integrator  added  to  the  error  loop  so  that  the  steady-state  error 
could  be  removed.  This  results  in  a  governor  that  maintains  speed  at  the 
reference  value  (isochronous)  under  all  steady  loads,  transients  loads  n 
withstanding. 

A  limitation  on  this  form  of  governor  is  caused  by  the  existence  of  two 
torsional  resonances  in  the  drive  train  system.  The  resonances  are  caused 
physically  by  the  engine  and  drive-train  rotational  freedom  working  against 
the  blade^lag  freedom.  The  torsional  resonances  of  the  UH-60A  .. 

rotor  blade/drive  system  occurs  at  a  frequency  of  the  order  of  2-7  hertz  wi 
the  torsional  resonance  of  the  tail  rotor/drive-train  at  about  7  hertz. 

The  advent  of  all-digital  controls  has  made  the  proportional-plus-integral 
governor  easier  to  implement  and  has  opened  the  door  to  more 
mathematical  techniques  for  overcoming  the  ^ocsional  mode  problem.  Use  of 
higher  order  notch  filters  to  attenuate  response  at  the  first  torsional  fre¬ 
quency  have  been  implemented  successfully  (ref.  24).  General  Electric  s 
aooroach  in  the  integrated  control  study  presented  here  is  to  employ  a  linear 
quadratic  regulator  (LQR)  design  which  allows  the  bandwidth  to  be  increased 
and  thus  improve  the  response  time  of  the  system. 

The  LOR  technique  was  used  to  design  the  power  turbine  speed  governor  and 
a  Kalman  fmer  Is  included  in  the  control  system  to  estimate  t  e  e  icopter 
main  rotor  blade  velocity  as  one  of  the  states  in  the  design  (ref.  |0)-  ^® 

effect  of  the  LQR  governor  in  the  frequency  domain  is  to  attenuate  the  re¬ 
sonant  first  torsional  mode  peak. 

The  LQR  governor  was  analyzed  in  the  frequency  domain  'Jsing  standard  Bode 
plot  techniques  to  determine  the  system  stability  margins,  speed  of  response, 
and  disturbance  rejection  characteristics.  The  frequency  response  of  the 
closed-loop  LQR  and  T700  baseline  systems  was  calculated  for  a  . 

torque  disturbance  and  a  tail  rotor  torque  disturbance  ^ 

on  DOwer  turbine  speed  and  helicopter  main  rotor  speed.  The  simulated  dis¬ 
turbance  was  a  sine-wave  frequency  sweep.  Each  disturbance  was  ^®P®" 

rately.  The  response  of  power  turbine  speed  to  a  main  rotor  disturbance  is 
shown  for  the  LQR  governor  and  for  the  T700  baseline  governor  in  figure  13. 
iSriigSre  shows  that  disturbances  are  rejected  better  by  the  LQR  power  tur¬ 
bine  speed  governor  than  by  the  T700  baseline  governor.  The  LQR  governor 


provides  adequate  phase  and  gain  margin  for  good  stability  and  robustness. 

The  resonant  peak  attenuation  combined  with  large  phase  margin  allows  the 
system  gain  to  be  higher  and  results  in  the  increased  bandwidth. 

The  higher  bandwidth  also  translates  directly  into  better  performance  in 
the  time  domain.  Shown  in  figure  14  is  a  load  disturbance  in  the  rotor  System 
caused  by  a  simulated  wind  gust  of  40  feet  per  second  over  a  distance  of  200 
feet.  The  LQR  power  turbine  speed  governor  reduced  the  speed  droop  from  3.25 
percent  to  1.3  percent.  The  baseline  control  has  several  small  oscillations 
before  the  system  stabilizes.  The  LQR  governor  virtually  eliminates  these 
oscillations  demonstrating  its  better  phase  margin. 

Pragmatic  adaptive  control  elements.  -  The  adaptive  fuel  control  as  de¬ 
signed  and  currently  under  development  by  Chandler  Evans  is  fully  described  in 
references  11  and  25. 

Figure  15  shows  a  block  diagram  of  the  integrated  control  system  which 
includes  the  LQR  power  turbine  speed  governor,  the  gas  generator  acceleration 
governor  (NDOT)  and  the  adaptive  elements.  The  fuel  flow  features  of  the 
control,  other  than  the  LQR  governor,  derive  from  the  pragmatic  adaptive 
system. 

The  adaptive  features  which  affect  the  power  turbine  set  speed  in  the 
integrated  control  system  are  applied  to  the  LQR  power  turbine  speed  set- 
point.  These  features  include  rotor  decay  anticipation,  rotor  droop  recovery, 
load  factor  enhancement,  torque  sharing,  and  minimum  fuel  optimization. 
Collective  rate  anticipation  was  not  included  since  the  LQR  governor  had  its 
own  collective  pitch  maps. 

For  the  autorotational  rotor  decay  anticipation,  the  adaptive  control 
provides  a  flag  which  signals  when  the  system  goes  into  autorotation.  This 
flag  is  used  by  the  LQR  governor  to  temporarily  convert  it  into  a  pro¬ 
portional-plus-integral  controller  with  a  low  gain  since  the  LQR  feedback 
paths  add  no  information  to  the  LQR  control  during  autorotation.  The  autoro¬ 
tational  rotor  decay  anticipator,  acting  upon  the  autorotation  flag,  generates 
an  incremental  power  turbine  speed  reference  to  the  LQR  controller  to  keep  the 
power  turbine  at  a  higher  acceleration  potential  so  that  engagement  of  the 
engine  and  rotor  will  occur  at  a  higher  engine  speed  and  thereby  reduce  droop. 
The  effect  of  this  control  element  was  discussed  earlier  in  the  Adaptive  Fuel 
Control  Program  section. 

The  logic  of  the  droop  compensator  subsystem  is  to  detect  that  a  droop  has 
occurred  and  to  inhibit  the  likely  torque  and  subsequent  speed  overshoot  that 
will  follow.  This  is  accomplished  by  deliberately  delaying  the  governor 
demanded  fuel  flow.  As  the  droop  starts  to  diminish,  a  signal  is  generated 
that  reduces  the  power  turbine  speed  reference,  thus,  reducing  torque  load  and 
speed  overshoot. 

Three  further  subsystems  can  influence  the  fuel  flow  by  changing  the  power 
turbine  speed  reference  signal  in  the  LQR  power  turbine  speed  governor.  The 
first  is  a  dual  installation  torque  sharing  device  which  is  the  digital  equi¬ 
valent  of  the  baseline  T700  controller.  This  controller  indirectly  speeds  up 
the  gas  generator  of  the  low  torque  engine  to  match  the  output  of  the  non- 
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degraded  engine  by  applying  an  incremental  power  turbine  speed  reference 
signal  proportional  to  the  torque  error  to  the  lower  engine. 

The  second  subsystem  is  the  minimum  fuel  consumption  optimizer.  This  is 
an  extremely  simple  algorithm  which,  when  switched  on  in  cruise,  samples  the 
fuel  flow  at  intervals  and  perturbs  the  power  turbine  speed  reference  signal 
to  change  the  rotor  speed.  Figure  16  shows  the  results  achieved  by  the  sim¬ 
ulated  MGH  Black  Hawk  system. 

The  third  subsystem  is  the  load  factor  enhancement  feature.  In  general, 
it  is  possible  to  increase  the  aerodynamic  load  factor  capability  of  a  heli¬ 
copter  by  increasing  the  rotor  speed.  Figure  17  shows  the  order  of  magnitude 
of  the  effect  as  predicted  by  the  MGH  simulation.  The  form  of  this  subsystem 
involved  ramping  an  increment  in  rotor  speed  reference  proportional  to  pitch 
rate  and  keeping  it  on  for  a  set  time  after  the  load  factor  is  removed.  This 
tends  to  keep  the  engine  spooled  up  for  a  longer  time  and  thus  able  to  better 
deal  with  large  torque  increases  should  the  rotor  pop  in  and  out  of  an  auto- 
rotative  state. 

The  integrated  control  nominally  operates  on  the  LQR  power  turbine  gover¬ 
nor.  In  extreme  maneuvers,  it  will  be  limited  on  the  top  end  by  the  NDOT 
governor  and  on  the  low  end  by  the  bottom  governor  and  NDOl  deceleration 
limiter.  On  each  cycle  of  the  control  computer  these  limits  determine  the 
upper  and  lower  extremes  of  the  allowable  fuel  flow. 

The  acceleration  schedule  is  the  usual  control  which  seeks  to  inhibit 
compressor  surge  by  allowing  the  gas  generator  to  accelerate  in  a  pre- 
prograintied  fashion  with  maximum  acceleration  as  a  function  of  gas  generator 
speed.  Chandler  Evans  has  also  incorporated  their  adaptive  surge  margin 
compensation  feature  which  also  uses  a  lagged  compressor  discharge  pressure  to 
further  stabilize  surge  recovery. 

The  gas  generator  topping  speed  action  simulates  the  action  of  the  power 
available  spindle  in  acting  as  an  upper  limit  throttle  on  gas  generator  speed 
and  thus  maximum  engine  power  output.  The  intent  of  this  limiter  on  the 
baseline  T700  fuel  control  is  to  give  the  pilot  some  control  if  the  electronic 
function  should  fail.  Its  retention  in  the  integrated  control  gives  similar 
control  action. 

The  temperature  limiting  section  is  a  straight-forward  digital  implementa¬ 
tion  of  a  power  turbine  inlet  temperature  limiter.  A  logic  switch,  which  is 
triggered  by  the  engine- failed  status  flag  of  the  other  engine  in  a  twin 
engine  installation,  can  boost  the  allowable  temperature  for  emergency  power 
situations. 

The  lowest  output  of  the  above  three  governor  sections  is  passed  to  the 
gas  generator  acceleration  governor  (NDOT)  section  which  produces  an  error 
signal  from  the  difference  between  its  integrated  value  and  the  sampled  gas 
generator  speed  value  and  then  calculates  a  weighted  proportional-plus- 
integral  type  gain  which  it  multiplies  by  lagged  compressor  discharge  pres¬ 
sure.  The  resulting  fuel  flow  is  the  gas  generator  fuel  flow  which  com¬ 
pared  with  the  LQR  power  turbine  speed  governor  flow  on  a  lowest-wins  basis. 
The  three  components  of  the  gas  generator  speed  governor  thus  serve  as  alter¬ 
nate  top  limits  to  the  fuel  flow. 
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A  prescribed  deceleration  schedule  1s  provided  to  ensure  sufficient  margin 
from  flame-out.  This  path  has  an  integrator  In  it  which  Is  controlled  by 
back-calculation  in  an  exactly  similar  way  to  the  NDOT  governor  while  it  Is 
not  actually  governing  the  fuel  flow.  A  bottoming  governor,  which  prevents 
the  gas  generator  speed  from  falling  below  a  prescribed  self-sustaining  lower 
limit.  Is  also  supplied. 

The  last  two  flow  limits  are  compared  on  a  highest-wins  basis  with  the  LQR 
power  turbine  speed  governor  demand.  The  resulting  fuel  flow  Is  the  demanded 
fuel  flow  value  that  Is  passed  to  the  stepper  motor  which  regulates  very 
precisely  the  pumping  of  fuel  into  the  engine.  A  power  turbine  speed  actuated 
overspeed  switch  cut-off  value  Is  present  on  the  engine  side  of  the  stepper 
motor  to  deal  with  runaways  such  as  shaft  failures. 

Other  pragmatic  adaptive  features.  -  The  flame-out  detector  relies  on  the 
accuracy  and  constancy  of  the  relationships  between  a  gas  generator  deceler¬ 
ation  and  the  gas  generator  speed  at  which  flame-out  occurs  and  the  range  of 
gas  generator  decelerations  at  given  gas  generator  speeds  which  are  part  of 
normal  operations.  Figure  18  shows  the  relationships  of  the  normal  deceler¬ 
ations  at  various  gas  generator  speeds.  The  detection  boundary  is  the  line 
that  appears  to  give  adequate  clearance  to  avoid  false  signals  at  legitimate 
gas  generator  decels  while  giving  as  much  warning  as  possible. 

The  power  available  to  hover  computation  uses  nominal  maps  of  corrected 
engine  torque  and  power  turbine  Inlet  temperature  to  calculate  the  maximum 
torque  available  from  the  engine.  These  maps  are  continually  updated  to 
include  any  engine  degradation.  The  torque  required  to  hover  Is  calculated 
from  a  map  of  the  ratio  of  hover-torque-required  to  current  cruise  torque 
versus  airspeed  as  shown  graphically  In  figure  19.  While  cruising  at  constant 
airspeed,  the  current  cruise  torque  Is  used  to  determine  the  torque  required 
to  hover  for  the  current  conditions.  Maximum  torque  available  Is  then  com¬ 
pared  against  torque  required  to  hover.  A  positive  difference  indicates  a 
surfeit  of  torque  and  a  hover  Is  therefore  feasible. 

Airframe  originated  features.  -  The  collective  pitch-to-tall  rotor  col¬ 
lective  link  has  been  removed  In  the  Integrated  control  In  favor  of  a  sum  of 
engine  output  torques-to-tall  rotor  collective  link.  The  Ideal  link  would  be 
one  which  produces  a  yawing  moment  proportional  to  the  main  shaft  torque 
load.  The  shaft  torque  Is  very  difficult  to  measure  and  the  production  of 
yawing  moment  via  manipulation  of  a  tall  rotor  collective  pitch  mechanism  Is 
not  truly  linear.  The  Integrated  control  solution  is  to  use  the  sum  of  the 
engine  output  torques  as  an  approximation  to  the  main  rotor  shaft  torque  and 
live  with  the  nonllnearltles  inherent  In  the  tall  rotor  collective  yaw  con¬ 
trols.  Another  alternate  approach,  which  was  outside  the  scope  of  this  study. 
Is  to  consider  model-following  type  control  laws  wherein  rotor  torque  Is 
modeled  In  a  nonlinear  mode  and  Included  in  the  control  system  In  closed-loop 
fashion. 

Another  feature  programmed  Into  the  control  Is  the  use  of  the  fuel  control 
status  flag,  which  Indicates  that  the  engine  Is  on  Its  acceleration  schedule, 
to  Inhibit  the  pilot  from  applying  Increasing  torque  loads  via  the  collective 
pitch  Input  faster  than  the  engine  can  absorb  these  loads  without  allowing 
droop  to  occur.  In  the  mechanization  proposed  here,  the  status  flag  signals 
an  electric  clutch  mechanism  on  the  collective  lever  which  adds  retardant 
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stick  force  when  the  lever  1s  moved  In  the  upward  or  torque  Increasing  di¬ 
rection.  In  use,  a  pilot  would  pull  collective  until  he  felt  the  force  In¬ 
crease  and  then  maintain  a  steady  pressure  which  would  allow  the  stick  to  step 
upward  In  very  small  Increments  as  the  controller  switched  rapidly  on  and  off 
the  acceleration  schedule.  The  collective  pitch  control  thus  Increases  at  an 
optimal  rate  constrained  by  constant  rotor  shaft  speed.  Figure  20  shows  the 
response  obtained  In  an  autorotative  recovery  by  simulating  the  pilot's  col¬ 
lective  lever  pull  limiter  with  a  simple  Integrator  switched  on  and  off  by  the 
status  flag  as  It  Indicates  being  on  the  acceleration  schedule.  The  response 
to  the  same  Input  without  the  inhibitor  control  is  also  shown. 

The  last  feature  to  be  considered  1n  airframe  originated  Integrated  con¬ 
trol  Items  is  that  of  automatic  control  action  required  under  single  or  dual 
engine  failures.  Figure  21  Illustrates  the  response  from  flight  test  of  a 
modern  helicopter  to  a  dual  engine  failure  at  high  speed  simulated  by  a  dual 
throttle  chop.  The  Black  Hawk  does  not  respond  anywhere  nearly  similar  since 
the  relatively  heavy  rotor  tends  to  keep  the  shaft  speed  higher  and  the  large 
fin  area,  coupled  with  the  more  effective  speed  of  the  tall  rotor,  make  the 
directional  stability  much  greater.  Hence,  sideslip  never  develops  and  the 
roll  response  due  to  the  dihedral  effect  Is  very  mild.  Since  no  problem 
existed  on  the  Black  Hawk  and  a  change  In  rotor  mass  to  provoke  the  effect 
would  have  a  large  Impact  throughout  the  Integrated  control  design,  no  further 
studies  were  conducted.  It  seems  quite  possible,  If  needed,  the  engine  flame- 
out  warning  flag  could  be  used  at  higher  airspeeds  to  Impress  a  tail  rotor 
pitch  Input  early  enough  to  prevent  the  yaw  and  consequent  roll  response. 

At  low  speeds,  a  large  part  of  the  prohibited  area  Is  created  by  the 
requirement  to  allow  the  pilot  time  to  recognize  the  engine  failure  and  react 
to  It.  The  automatic  control  envisioned  would  recognize  the  height-velocity 
area  In  which  failures  occurred  and  take  appropriate  action  Immediately  on 
perceiving  the  failure  flag.  The  application  of  cyclic  and  collective  would 
depend  on  the  area  of  the  altitude-velocity  diagram  where  failure  occurred. 

It  would  be  preprogrammed  or  possibly  use  the  power- to-hover  and  performance 
mapping  Information  of  the  pragmatic  fuel  controller  to  make  logical  deci¬ 
sions.  The  stick  would  be  moved  by  clutch  mechanisms  which  could  be  overriden 
by  a  pilot  using  stick  force  alone.  The  movement-causing  forces  would  be 
faded  out  after  several  seconds. 


Control  System  Evaluation 

The  evaluation  of  the  Integrated  flight-propulsion  control  was  conducted 
In  two  phases.  The  first  evaluation,  presented  here,  was  accomplished  using 
the  M6H  simulation  facilities  at  Sikorsky.  The  second  part  was  to  be  a  pllot- 
In-the-loop  study  on  the  NASA  Ames  VMS.  At  this  writing,  the  VMS  evaluation 
has  not  yet  been  accomplished. 

Generic  mission  tasks.  -  A  selection  was  made  of  simple  segments  of  maneu¬ 
vers  that  could  be  reasonably  and  simply  simulated  on  Sikorsky's  M6H  simula¬ 
tion  of  the  T700  powered  UH-60A  Black  Hawk,  and  that  would  highlight  the 
advantages  of  an  Integrated  flight-propulsion  control  system.  The  first 
maneuver  segments  were  the  results  of  gathering  comments  from  pilots  and 
designers  at  Sikorsky  on  the  type  of  maneuvering  mentioned  above. 
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The  search  of  the  AACT  data  for  the  integrated  control  study  concentrated 
on  maneuvers  that  exhibited  a  rotor  speed  excursion  of  more  than  5  percent  on 
any  aircraft  which  implies  a  10  percent  change  in  stick  sensitivity  with 
consequent  difficulties  in  pilot  control.  In  this  manner,  the  search  and 
classification  reaffirmed  the  significance  of  the  first  selections  and  added 
the  side  acceleration  maneuver  and  the  roll  reversal  maneuver.  The  final 
selections  included  classic  autorotative  recovery,  bob-up  and  remask,  quick- 
stop,  quick-turn  deceleration,  engine  failures,  side  accelerations,  and  roll 
reversals.  Most  of  the  results  were  taken  from  the  AACl  data  and  all  of  the 
data  were  on  aircraft  other  than  the  Black  Hawk.  Details  of  these  maneuvers 
are  given  in  reference  14. 

Evaluation  using  HGH  Black  Hawk  simulation.  -  The  evaluation  was  performed 
by  flying  the  simulation  through  the  series  of  maneuvers  listed  above.  In 
general,  the  Black  Hawk  simulation  was  flown  with  the  SAS  on  and  FPS  off. 

Both  sub-systems  could  be  expected  to  be  incorporated  in  a  total  integrated 
control  design.  With  the  SAS  active,  this  is  a  way  of  acknowledging  that 
incorporation.  The  FPS  functions  of  the  Black  Hawk  were  largely  inappropriate 
for  this  study.  The  coordinated  turn  feature  was  provided  by  the  input  maneu¬ 
ver  controller.  Leaving  the  FPS  feature  on  caused  interference  with  the 
controller  so  it  was  turned  off  for  all  flights.  The  attitude  hold  feature 
was  the  opposite  of  what  was  required  for  the  fuel  minimization  scheme. 

Reference  14  contains  the  time  history  comparisons  of  the  maneuver  seg¬ 
ments  simulated,  using  the  base  control  and  the  integrated  control. 

Table  I  is  a  summary  of  the  autorotational  recoveries  in  terms  of  rotor 
droop  and  overshoot  speed  peaks  during  the  maneuvers. 

In  summary,  the  integrated  control  is  superior  only  during  large  split 
autorotational  recoveries  when  moderate  to  slow  collective  pulls  are  used  in 
the  maneuver.  Small  split  recoveries  from  fast  to  slow  pulls  do  not  show  any 
significant  advantage  for  either  control  version.  However,  rotor  speed  over¬ 
shoot  is  controlled  in  a  vastly  superior  manner  by  the  integrated  control. 

This  is  due  primarily  to  the  LQR  power  turbine  speed  governor.  Details  of  the 
results  of  the  other  maneuver  flights  are  also  given  in  reference  14. 


CONCLUDING  REMARKS 

The  emergence  of  digital  engine  controls  in  such  programs  as  the  Army  ATDE 
and  the  parallel  development  of  digital  flight  controls  in  the  Army  ADOCS 
program,  makes  possible  the  future  application  of  a  fully  integrated  digital 
flight-propulsion  control  system.  Although  the  microelectronics  technology 
required  for  integrated  control  is  now  available,  additional  research  is 
needed  to  understand  the  full  implications  of  the  technology.  The  NASA/Army 
research  program  described  in  this  paper  is  a  comprehensive  attempt  to  develop 
an  approach.  The  payoff  will  be  a  generation  of  rotorcraft  with  the  maneuver¬ 
ability  and  agility  required  for  military  missions  and  the  superior  handling 
qualities  and  low  pilot  workload  needed  for  all-weather  civil  missions. 

The  real-time  component- type  digital  simulation  of  a  turboshaft  engine 
fills  a  need  in  the  pi lot-in-the-loop  investigations  involving  non-constant 
rotor  speeds  and  widely  varying  rotor  loads  especially  in  integrated  flight- 
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propulsion  control  applications.  Performance-related  questions  can  also  be 
addressed  in  real-time.  The  model  reproduces  dynamics  associated  with  gas 
generator  spool-up  or  spool-down  caused  by  large  changes  of  power.  Engine 
degradation  is  also  easily  modeled  by  modifying  compressor  or  turbine  flow  and 
energy  functions.  The  engine  control  system  is  separate  and  may  be  modified 
or  replaced  depending  on  user  requirements.  This  capability  allows  effective 
pilot  evaluations  of  new  control  implementations  or  of  special  modes  of  fuel 
control  system  operation. 

The  integrated  flight-propulsion  control  scheme  evaluated  in  this  study 
was  found  to  be  superior  to  the  basic  control  in  most  areas.  This  was  in 
spite  of  the  fact  that  the  baseline  control  is  already  a  harmonious  match  of 
engine  and  airframe  which  exhibits  few  of  the  problems  of  other  aircraft  or, 
at  worst,  on  a  diminished  scale  as  seen  in  the  AACT  data. 

While  fixed-base  simulation  is  a  useful  tool  for  the  preliminary  investi¬ 
gations  of  control  studies  such  as  this,  the  essence  of  the  evaluation  has  to 
be  a  motion  simulation  because  the  critical  factor  is  the  extent  to  which 
rotor  speed  droop  affects  control  power  and  how  a  pilot  copes  with  the  subse¬ 
quent  control  problem.  To  this  end,  a  simulation  experiment  on  a  motion 
simulator  in  real-time  is  necessary. 

The  eclectic  approach  of  selecting  versions  of  elements  already  existing 
results  in  many  design  compromises  that  should  not  have  to  be  made.  It  is 
strongly  recommended  that  airframe,  engine  and  controls  teams  establish  a 
small  integrated  design  team  at  the  start  of  a  program  to  deal  with  all 
aspects  of  the  required  integration  concepts  using  modern  integrated  control 
design  methodologies  that  have  emerged  in  recent  times.  Variable  rotor  speed 
control,  which  will  require  integrated  control  to  be  implemented  effectively, 
should  also  be  the  object  of  further  study. 
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FIGURE  1.  -  MODAL  FREQUENCIES  OF  INTtREST  IN  ENGINE-FUEL  CONTROL  DESIGN  AND  MODELING. 
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FIGURE  2.  -  ROTORCRAFT  FLIGHT-PROPUL  I ON  CONTROL  INTEGRATION  PROGRAM. 
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FIGURE  3,  -  ROTORCRAFT  FLIGHT/PROPULSION  CONTROLS  RESEARCH  AMES  RESEARCH  CENTER/LEWIS 
RESEARCH  CENTER. 
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FIGURE  A.  -  EFFECT  OF  ENGINE  RESPONSE  ON  HANDLING  QUALITIES. 
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FIGURE  5.  -  EFFECT  OF  EXCESS  THRUST  AND  VERTICAL 
DAMPING  ON  HANDLING  QUALITIES. 


TIME.  SEC 


FIGURE  6.  -  UNCOMPENSATED  ENGINE  ACCELERATION  TRAN¬ 
SIENT  CAUSED  BY  A  AO  TO  70  PERCENT  COLLECTIVE 
PITCH  BURST. 


TIIC.  SEC 


FIGURE  7.  -  QUICK-TURN  MANEUVER  FROM  120  KNOTS  IN  LEVEL 
FLIGHT  WITH  THIN  ENGIlt  CONFIGURATION. 


FIGURE  8.  -  GEICRAL  ELECTRIC  T700-GE-701  TURBOSHAFT  ENGINE. 
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FIGURE  9.  -  BLOCK  DIAGRAM  OF  SMALL  TURBOSHAFT  ENGINE  MODEL. 
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FIGURE  10.  -  STEP  FUEL  FLOW  INCREASE  FROM  HID  TO  HIGH 
POWER. 
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FIGURE  12.  -  PROPULSION  SYSTEM  RESPONSE  WHEN  USED  IN 
CONJUNCTION  WITH  REAL-TIME  ROTORCRAFT  SIMULATION. 
(10  %  DOWN  COLLECTIVE  INPUT.  60  kias.) 
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FIGURE  13.  -  BODE  PLOT  OF  BASELINE  AND  LOR  POWER  TURBINE  SPEED  RESPONSE  TO  MAIN  ROTOR  TORQUE. 
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FIGURE  -  SIMULATED  DISCRETE  GUST  RESPONSE  USING  LQR 
CONTROLLER. 


FIGURE  16.  -  RESULTS  OF  MINIMUM  FUEL  CONSUMPTION  OPTIMIZER  FOR 
VARIOUS  STEADY  CRUISE  AIRCRAFT  OPERATING  CONDITIONS  OF  THE 
MGH  BLACK  HAWK  SIMULATION. 
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FIGURE  15.  -  BLOCK  DIAGRAM  OF  INTEGRATED  CONTROL. 
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FIGURE  20.  -  SIMULATED  AUTOROTATIONAL  RECOVERY  USING 
COLLECTIVE  PITCH  LEVER  PULL  LIMITER  ON  ACCELERA¬ 
TION  SCHEDULE. 


FIGURE  21.  -  RESPONSE  OF  A  MODERN  HELICOPTER  TO  A 
DUAL  ENGINE  FAILURE  AT  HIGH  SPEED. 
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ABSTRACT 


Helicopter  Jli^it  is  among  the  most  demanding  of  all  human-machine  interactions.  The  in¬ 
herent  manual  control  complexities  of  rotorcraft  are  made  even  more  challenging  by  the  small 
margin  for  error  created  in  certain  operations,  such  as  nap-of-the-earth  (NOE)  flight,  by  the 
proximity  of  terrain.  Accident  data  recount  numerous  examples  of  unintended  conflict  be¬ 
tween  helicopters  and  teirain  and  attest  to  the  perceptual  and  control  difficulties  associated 
with  low  altitude  flight  tasks. 

Ames  Research  Center,  in  cooperation  with  the  U.S.  Anny  Aeroflightdynamics  Directorate, 
has  initiated  an  ambitious  research  program  aimed  at  increasing  safety  maigins  for  both 
civilian  and  military  rotorcraft  operations.  The  program  is  broad,  fundamental,  and  focused 
on  the  development  of  scientific  understandings  and  technological  countenneasures.  This 
paper  reviews  research  being  conducted  in  several  areas:  ( I)  workload  assessment,  predic¬ 
tion,  and  measure  validation,  (2)  development  of  advanced  displays  and  effective 
pilot/automation  interfaces,  (3)  identification  of  visual  cues  necessary  for  low-level,  low- 
visibility  flight  and  modeling  of  visual  flight-path  control,  and  ( 4)  pilot  training. 


INTRODUCTION 

Helicopter  flight  is  among  the  most  demanding  of  all  human-machine  interactions.  The  inherent  manual  con¬ 
trol  complexities  of  rotorcraft  may  be  made  even  more  challenging  by  the  small  margin  for  error  created  in  cer¬ 
tain  operations,  such  as  nap-of-the-earth  (NOE)  flight,  by  the  proximity  of  the  terrain.  Accident  data  recount 
numerous  examples  of  unintended  conflict  between  helicopters  and  the  terrain  or  man-made  obstacles  and  at¬ 
test  to  the  perceptual  and  control  difficulties  associated  with  low-  altitude  flight. 

This  paper  reviews  research  being  conducted  in  several  areas.  First,  studies  of  workload  are  described  that 
focus  on  the  development  and  validation  of  various  approaches  to  assessment  and  prediction.  Next,  we  discuss 
the  topics  of  displays  and  the  development  of  effective  pilot/automation  interfaces.  Since  the  visual  sense  is  sig¬ 
nificantly  involved  in  helicopter  flight,  particularly  in  the  NOE  environment,  we  describe  studies  that  are  being 
conducted  to  understand  what  visual  cues  arc  important  and  the  ways  in  which  sensor  imagery  and  other  visual 
aids  affect  pilots’  perception  and  use  of  such  information.  Finally  we  review  research  focused  on  understanding 
night-task  decomposition  and  the  relationship  between  workload  and  training.  A  companion  paper  in  this  volume 
by  Hart,  Hartzell,  Voorhees,  Bucher,  and  Shively  integrates  the  information,  understanding  and  technology 
described  here  into  specific  requirements  for  advanced  rotorcraft  development  programs. 

Ames  Research  Center,  in  cooperation  with  the  U.S.  Army  Aeroflightdynamics  Directorate,  has  initiated  an 
ambitious  research  program  aimed  at  increasing  the  margins  of  safety  for  both  military  and  civilian  helicopter 
operations.  The  program  is  broad,  fundamental,  and  focused  on  the  development  of  scientific  understandings  and 
technological  countermeasures.  The  overall  goal  is  to  provide  design  principles,  guidelines,  and  computational 
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models.  Specific  objectives  include:  (1)  the  design  of  integrated  flight  management  displays  and  error-tolerant 
flight  management  systems,  (2)  the  enhancement  of  visual  and  auditory  information  displays,  (3)  the  development 
of  valid  measures  and  a  computer-based  predictive  model  of  pilot  workload  for  use  in  the  design  of  advanced 
helicopters,  (4)  specification  of  human  visual  requirements  and  capabilities  (in  the  form  of  a  computational  vision 
model)  to  serve  as  the  basis  for  a  machine  vision  system  for  automated  NOE,  and  (5)  guidelines  for  the  develop¬ 
ment  of  training  systems  for  advanced  rotorcraft. 

The  primary  research  areas  include  workload  assessment  and  prediction,  pilot/automation  interfaces,  pilot 
vision  research  (including  out-the-  window  visual  cues,  panel-  and  helmet-mounted  displays,  and  biodynamic 
factors)  and  training  Figure  1  depicts  a  schematic  overview  of  the  program.  The  research  efforts  differ  in 
methodology  (e.g.,  computational  modeling,  empirical  research,  simulation  and  inflight  testing),  focus  (e.g., 
basic  or  applied,  vehicle-specific  or  relatively  generic),  and  level  of  effort.  An  expanded  Rotorcraft  Human  Fac¬ 
tors  Program  is  being  formulated  in  response  to  an  increasing  level  of  interest  at  NASA  Headquarters  and  urgent 


Figure  1:  Helicopter  Human  Factors  Program  elements 

Army  research  requirements  prompted  by  the  LHX  program.  The  major  challenges  that  will  be  faced  by  pilots 
flying  advanced  technology  helicopters  will  be  the  requirement  for  a  single  pilot  to  conduct  military  and  civilian 
missions  at  night  and  in  adverse  weather. 

The  research  is  conducted  in-house  or  collaboratively  with  universities,  industry,  and  government  agencies. 
Results  are  transferred  to  user  groups  by  establishing  close  ties  with  manufacturers,  civil  operators,  and  the 
military,  publishing  scientific  research  papers,  participating  in  and  sponsoring  workshops  and  symposia,  provid¬ 
ing  information,  guidelines,  and  computer  models,  and  contributing  to  the  formulation  of  standards.  In  addition, 
the  methods  and  theories  developed  by  members  of  the  scientific  staff  are  applied  to  specific  operational  and 
design  problems.  We  will  summarize  the  accomplishments  and  future  plans  for  several  areas  of  research. 
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WORKLOAD  RESEARCH 


Introduction 

The  concept  of  workload  has  received  increasing  attention  during  the  past  decade,  prompted  by  the  realiza¬ 
tion  that  the  human  operators  of  advanced  aircraft  represent  a  limiting  factor  at  the  same  lime  that  their  unique 
skills  and  capabilities  remain  an  essential  component.  Automation  has  been  offered  as  a  solution  to  an  increas¬ 
ing  number  of  workload-  related  problems  found  in  existing  systems  or  that  are  predicted  for  systems  under 
development.  However,  automation  often  .simply  replaces  one  source  of  workload  for  another,  rather  than  ac¬ 
complishing  a  significant  reduction.  In  addition,  there  has  been  an  ever-increasing  tendency  to  reduce  the  num¬ 
ber  of  crewmembers  -  -  single-pilot  operations  were  .specified  as  an  important  goal  in  the  early  specifications  lor 
the  Army’s  most  advanced  helicopter,  the  LHX.  To  achieve  single-pilot  capabilities,  automatic  subsystems  mu.sl 
be  provided  to  moderate  the  demands  thus  placed  on  the  remaining  crewmember.  Attempts  to  completely 
replace  humans  by  automatic  systems  have  failed,  however,  because  human  capabilities,  adaptability,  and 
flexibility  continue  to  surpass  those  of  the  most  advanced  and  sophisticated  systems. 

If  pilots  could  perform  all  of  the  tasks  that  are  required  of  them  accurately  and  within  the  allowable  lime 
amslraints  using  available  equipment,  workload  would  be  of  little  practical  importance.  Because  they  often  can¬ 
not,  accurate  predictions  and  assessments  of  workload  must  be  made  during  all  design  stages  to  develop  optimal 
vehicle  configurations,  determine  the  minimum  crew  complement,  establish  mission  requirements  and  proce¬ 
dures,  and  specify  the  operational  envelope  for  specific  missions  and  vehicles.  Thus,  inlere.st  in  workload  from 
an  applied  perspective  has  stemmed  from  the  assumption  that  workload  has  a  direct  impact  on  performance  and 
the  workload  imposed  on  the  pilots  is  one  of  the  final  tests  against  which  the  adequacy  and  feasibility  of  opera¬ 
tional  requirements,  system  design,  and  training  procedures  must  be  tested. 

It  was  not  until  ten  years  ago  that  well-controlled,  theoretically-  motivated  research  in  the  field  of  workload 
began  to  be  conducted,  funded  by  the  government  and  industrial  in-house  research  and  development.  Until  very 
recently,  however,  the  results  of  this  research  were  not  readily  available  to  the  designers  and  users  of  advanced 
systems  because  individual  reports  were  microscopic  in  focus  and  phrased  in  psychological  rather  than  engineer¬ 
ing  or  aeronautical  terms.  Nevertheless,  this  research  forms  a  scientific  data  base  upon  which  meaningfuj,  valid 
and  reliable  workload  assessment  tools  and  predictive  models  should  be  based. 

In  1982,  NASA  formed  a  Workload  Assessment  Program  to  address  many  of  the  issues  raised  above.  The 
goal  was  to  merge  the  theoretical  information  about  workload  available  from  academia  with  the  practical  require¬ 
ments  of  industrial  and  government  organizations  to  develop  a  comprehensive  definition,  practically  useful 
measures  and  predictors,  and  workload  standards.  Throughout  the  program,  basic  research  provided  answers 
to  theoretical  que.stions  in  the  well-controlled  environment  of  the  laboratory  while  simulation  and  inflight  research 
provided  verification  that  the  results  were  valid  and  meaningful  in  the  "real  world". 

A  Theoretical  Framework 

The  first  phase  of  the  program  was  devoted  to  understanding  the  factors  that  influence  pilot  workload,  evaluat¬ 
ing  existing  assessment  techniques,  and  developing  new  techniques.  Because  the  workload  experienced  by  pilots 
flying  complex  missions  reflects  many  factors,  developing  a  generally  accepted  conceptual  framework  within  which 
to  attack  the  problems  of  definition,  measurement,  and  prediction  has  proved  to  be  difficult;  different  investigators 
emphasize  different  dimensions,  yet  each  use  the  same  term  (workload)  to  describe  whatever  it  was  they 
measured. 

We  defined  pilot  workload  as  the  cost  incurred  by  human  operators  of  complex  airborne  systems  in  ac¬ 
complishing  the  operational  requirements  imposed  on  them.  It  reflects  the  combined  effects  of  the  demands  im¬ 
posed  by  mission  requirements,  the  information  and  equipment  provided,  the  flight  environment,  pilots’  skills 
and  experience,  the  strategies  they  adopt,  the  effort  they  exert,  and  their  emotional  responses  to  the  situation. 
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The  relationships  among  these  and  other  factors  are  depicted  in  Figure  2.  To  achieve  the  desired  levels  of  overall 
system  effectiveness,  aircraft  must  be  designed  that  take  advantage  of  the  capabilities  of  the  remaining  crew¬ 
members  and  impose  acceptable  levels  of  workload. 

The  demands  imposed  on  pilots  are  created  by  what  they  are  asked  to  achieve  (e.g.,  the  objective  goals  of  a 
flight  and  requirements  for  speed  and  precision)  and  the  time  in  which  they  must  achieve  it  (e.g.,  schedules,  pro- 


Figure  2:  Conceptual  framework  for  the  analysis  and  prediction  of  workload 


cedures,  and  deadlines).  Some  flight  tasks  are  intrinsically  more  demanding  than  others,  and  the  difficulty  of  al¬ 
most  any  task  can  be  altered  by  a  requirement  for  additional  speed  or  accuracy.  System  resources  (e.g.,  controls, 
displays,  automatic  subsystems,  other  crewmembers,  and  ground  support)  define  how  pilots  accomplish  task 
demands.  Poor  display  design,  inaccessible  controls,  poor  handling  qualities,  and  too  much  or  too  little  infor¬ 
mation  can  increase  workload  substantially.  Finally,  the  conditions  under  which  a  task  is  performed  (e.g., 
geographical  location,  altitude,  time  of  day,  weather)  may  also  affect  workload.  For  example,  visual  workload 
may  be  increased  by  low  visibility,  physical  workload  may  be  increased  by  turbulence,  and  threats  from  natural  or 
man-  made  sources  increase  stress-related  components.  These  elements  may  act  independently  or  they  may  inter¬ 
act,  enhancing  or  mitigating  each  others’  effects. 

Finally,  the  actual  level  of  workload  experienced  by  a  particular  pilot  is  determined  by  his  basic  skills, 
knowledge,  and  training;  unskilled  or  inexperienced  pilots  experience  greater  workload  than  more  skilled  or  ex¬ 
perienced  pilots.  In  addition,  incorrect  strategies,  insufficient  effort,  or  pilot  errors  can  increase  workload,  due  to 
the  need  for  detecting,  resolving  and  recovering  from  the  problems  created  by  the  pilots  themselves.  Finally, 
pilots’  expectations,  previous  experiences,  and  physical  and  emotional  states  affect  their  subjective  experiences 
as  well  as  their  performance.  Thus,  although  the  "work"  that  is  "loaded"  on  pilots  is  an  important  component 
of  the  workload  they  experience,  workload  may  reflect  a  number  of  other  factors  as  well. 
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Measures  of  Workload 

Despite  its  complexity,  workload  is  assumed  to  be  an  important  and  practically  relevant  entity  and  a  number 
of  valid,  sensitive,  and  reliable  measurement  techniques  have  been  developed.  Oiven  its  complex  nature,  dif- 
({^1*^111  measures  are  needed  to  evaluate  specific  components.  ^Vorkload  measures  are  usually  organized  into 
four  categories;  (1)  objective  measures  of  primary  or  secondary  task  performance,  (2)  subjective  ratings,  (3) 
physiological  recordings,  and  (4)  analytic  techniques.  Each  type  of  measure  has  advantages  and  disadvantages 
and  limitations  in  the  range  of  activities  and  questions  to  which  it  applies;  the  evidence  they  provide  may  or  may 
not  be  useful,  depending  on  the  situation. 

Subjective  Measures.  Subjective  ratings  have  been  used  throughout  the  history  of  workload  measure¬ 
ment.  They  have  face  validity  and  are  widely  used  and  practically  feasible  in  most  environments.  Furthermore, 
they  may  come  closest  to  tapping  the  essence  of  workload  because  they  provide  a  direct  indication  of  the  im¬ 
pact  of  flight-related  activities  on  pilots  that  integrates  the  effects  of  many  workload  contributors. 

One  of  the  earliest  rating  techniques  used  in  the  aerospace  industry  was  developed  by  pilots  and  engineers: 
the  Cooper-Harper  Handling  Qualities  Rating  Scale.  This  scale  addressed  workload  only  indirectly,  however. 
Other  scales  developed  explicitly  for  evaluating  workload  were  not  standardized  or  validated  and  never  achieved 
general  acceptance.  Furthermore,  the  ratings  were  characterized  by  substantial  variations  of  opinion  among 
raters.  One  of  the  causes  of  this  variability  was  the  fact  that  pilots  responded  to  and  considered  different 
aspects  of  complex  tasks  when  they  provided  ratings.  In  addition,  the  factors  that  contribute  to  workload  vary  be¬ 
tween  tasks.  Thus,  a  multi-dimensional  approach  is  better  able  to  capture  all  potentially  relevant  factors. 
Research  on  this  issue,  coupled  with  the  emerging  interest  in  developing  tools  for  expert  elicitation  by  decision 
theorists  and  expert  system  developers,  prompted  the  development  of  a  rating  scale  that  could  deal  with  differen¬ 
ces  in  the  sources  of  workload  among  tasks  and  differences  in  workload  definition  among  raters. 

The  NASA  Task  Load  Index  (NASA-TLX)  was  developed  to  provide  an  estimate  of  overall  workload  based 
on  a  weighted  average  of  six  subscales;  physical  demands,  mental  demands,  time  pressure,  own  performance, 
effort,  and  frustration.  These  factors  represent  task-  related,  pilot-related,  and  environmental  factors,  and  are 
the  minimum  number  of  dimensions  required  to  describe  pilot  workload  experiences  across  dilferent  activities. 
The  weight  given  to  each  rating  reflects  the  importance  of  the  factor  to  each  rater  for  a  specific  task.  This 
technique  reflects  the  facts  that  workload  experiences  are  created  by  different  factors  in  different  activities,  the 
magnitudes  of  these  demands  vary  within  and  between  tasks,  and  individuals  faced  with  apparently  identical  task 
demands  experience  different  levels  of  workload.  The  NASA-  TLX  is  being  used  extensively  by  government,  in¬ 
dustry,  and  university  researchers  and  has  been  accepted  as  an  industry  standard  following  a  recent  evaluation  of 
available  measures  sponsored  by  the  FAA. 

Performance  Measures.  Performance  is  the  driving  force  behind  workload  evaluation  in  operational  or 
manufacturing  environments.  It  has  been  assumed,  without  empirical  support,  that  high  levels  of  workload  will 
result  in:  (1)  an  increase  in  errors  and  (2)  an  abrupt  and  catastrophic  decrement  in  performance.  Instead,  the  typi¬ 
cal  finding  is  that  errors  occur  as  often  when  workload  is  too  low  (due  to  inattention)  as  when  it  is  too  high  and 
that  increased  task  demands  result  in  strategy  shifts  as  often  as  perlormance  breakdowns. 

However,  measuring  performance  directly  often  provides  little  indication  of  the  effort  that  pilots  exert  to 
achieve  the  obtained  level  of  performance;  as  demands  are  increased,  pilots  generally  put  forth  additional  ef¬ 
fort  (to  the  limits  of  their  capabilities)  in  order  to  maintain  a  consistent  level  of  performance.  In  addition,  many 
measures  of  performance  reflect  the  characteristics  of  the  system  rather  than  the  activities  of  operators  direct¬ 
ly.  Finally,  a  common  set  of  performance  measures  do  not  exist  that  can  serve  as  workload  indices  across  dif¬ 
ferent  tasks.  Thus,  acceptable  performance-based  measures  of  workload  must  reflect  behavior  directly  and 
vary  in  response  to  changes  in  imposed  task  demands. 
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Control  measures  provide  an  objective  summary  of  how  well  pilots  manage  an  aircraft  to  achieve  smooth  and 
precise  flight-path  control.  Deviations  often  indicate  periods  of  time  when  the  pilot  is  sufficiently  overloaded  by 
other  actions  that  primary  flight-path  control  suffers.  In  addition,  the  rale,  content,  and  consequences  of  com¬ 
munications  can  provide  an  objective  index  of  the  workload  imposed  on  pilots;  a  standardized  taxonomy  of  com¬ 
munications  has  been  developed  in  which  a  priori  estimates  of  the  workload  imposed  by  communications  tasks  have 
been  quantified.  Errors  and  delays  in  response  often  indicate  the  presence  of  excessive  workload,  and  the  occur¬ 
rence  of  errors  is  often  followed  by  an  increase  in  workload  as  the  pilot  attempts  to  resolve  the  consequences  of 
the  error. 

Secondary  Task  Measures.  Because  performance  measures  do  not  always  reflect  the  cost  of  task  per¬ 
formance  to  the  pilots,  it  has  been  suggested  that  additional  tasks  could  be  imposed  that  would  provide  an  in¬ 
direct  indication  of  the  resources  required  from  a  pilot  to  perform  a  primary  flying  task;  as  flight-related 
demands  are  increased,  secondary  task  performance  will  degrade  in  direct  proportion  to  primary  task  demands. 
The  intent  was  to  discover  a  secondary  task  "yardstick"  that  could  be  used  to  compare  the  workload  of  different 
tasks.  The  fact  that  specific  secondary  tasks  were  found  to  be  differentially  sensitive  to  particular  types  of  primary 
tasks  prompted  a  remarkable  increase  in  interest  in  the  field  of  workload  assessment  from  the  academic  com¬ 
munity.  Competing  models  of  attention  and  performance  were  applied  to  discover  the  structure  and  allocation 
of  human  resources,  and  a  more  scientific  approach  to  the  field  of  workload  assessment  evolved. 

However,  most  secondary  task  measures  of  pilot  workload  are  inappropriate  inflight  because  they  are  difficult 
to  implement  and  might  compromise  safely.  Nevertheless,  some  measures,  such  as  time  estimation,  can  be  in¬ 
cluded  in  the  primary  (light  task  as  a  natural  component  -  -an  embedded  secondary  task  — with  minimal  in¬ 
strumentation  and  intrusion  on  primary  task  performance.  This  and  other  embedded  measures  have  been  shown 
to  be  sensitive  to  the  workload  levels  encountered  in  different  segments  of  flight  in  simulated  and  inilight  experi¬ 
ments. 

Physiological  Measures.  The  earliest  conceptualizations  of  workload  focused  on  the  physical  effort  re¬ 
quired  to  accomplish  tasks.  Workload  was  defined  in  terms  of  physiological  exertion  and  measures  of  physi¬ 
cal  effort,  such  as  oxygen  uptake  and  heart  rate,  were  used  to  quantify  this  component  of  workload.  This 
conceptualization  of  workload  ignored  the  cognitive  demands  that  have  become  an  important  requirement  in 
Hying  advanced  helicopters.  Thus,  measures  of  other  physiological  responses  that  do  refiect  cognitive  proces¬ 
ses  (such  as  evoked  cortical  brain  potentials  and  heart  rate  variability)  have  been  investigated. 

Physiological  measures  generally  have  the  advantage  of  being  unobtrusive.  That  is,  they  can  be  obtained 
without  requiring  attention  from  the  pilot  or  interfering  with  a  flight.  In  addition,  since  they  can  be  recorded 
relatively  continuously,  they  can  reflect  momentary  fluctuations  in  workload.  Finally,  they  provide  an  objective 
indication  of  involuntary  physiological  changes  that  often  accompany  variations  in  workload.  The  disad¬ 
vantages  include  a  lack  of  diagnosticity.  That  is,  most  physiological  measures  reflect  non-specific  responses  to 
many  sources  of  stress.  These  responses  may  reflect  the  demands  imposed  by  the  flight,  the  environment,  or  the 
pilot  directly  or  other  factors  that  are  less  directly  related  to  workload.  Cardiovascular  responses  do,  however, 
provide  an  integrated  indication  of  the  total  impact  of  the  flight  on  the  pilots  that  does  not  also  reflect  the  charac¬ 
teristics  of  the  system  (as  many  performance  measures  do)  or  the  pilot’s  biases  and  misconceptions  (as  subjective 
ratings  do). 

Heart  rate  reflects  the  stress  associated  with  specific  flight-related  activities;  it  increases  as  some  aspects  of 
workload  are  increased.  For  example,  heart  rates  are  typically  elevated  during  take-off  and  landing  and  return 
to  baseline  levels  at  altitude.  In  addition,  substantially  greater  increases  are  found  for  the  pilot-flying  during 
take-off  and  landing  than  for  the  pilot-not-flying.  It  is  possible  that  the  feeling  of  responsibility  and  level  of 
preparedness  that  must  be  maintained  by  the  pilot-flying  could  result  in  their  elevated  levels  of  arousal. 

Heart-rate  variability  is  particularly  sensitive  to  even  subtle  variations  in  mental  workload;  heart  rale  ir¬ 
regularity  decreases  as  the  difficulty  of  a  task  is  increased.  A  method  of  obtaining  an  estimate  of  heart-rale 
variability  on-line  has  been  developed  that  provides  a  sensitive  real-time  indication  of  workload  variations. 
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Inflight  Verification 

The  final  step  in  developing  and  testing  these  measures  was  inflight  verification.  Although  simulations 
provide  an  analog  of  an  operational  environment,  important  elements  are  missing  that  cannot  be  replicated.  A 
number  of  the  measures  developed  in  laboratory  and  simulation  research  were  evaluated  infiight  in  the  NASA 
Kuiper  Airborne  Observatory  (KAO)  and  in  the  NASA  SH-3Ci  helicopter. 

In  the  experiment  conducted  in  the  SH-3G  aircraft,  evaluating  the  utility  of  different  workload  measures 
was  the  primary  focus  of  the  experiment.  Specific  missions  were  defined  in  advance  and  flown  by  each  crew.  The 
workload  measures  obtained  for  each  segment  were  compared  to  predictions  provided  by  earlier  studies.  In  ad¬ 
dition,  portions  of  the  flight  were  conducted  on  an  instrumented  flight-test  range  so  that  objective  measures  of  per¬ 
formance,  often  unavailable  inflight,  could  be  obtained.  The  flight  scenarios  include  straight  and  level  flight 
above  3000  ft  and  contour  flight,  visual  landings  at  an  auxiliary  site,  instrument  landings  at  airfields,  hover  in 
and  out  of  ground  effect,  visual  search  patterns,  and  visual  and  instrument  navigation  conducted  between  Mof¬ 
fett  Field  and  Crows  Landing.  The  workload  measures  included  pilot  ratings,  secondary  tasks,  heart  rate,  and 
selected  performaiice  indices. 
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Figure  3;  Flight-task  segments  and  pilot  workload  ratings. 

In  this  experiment,  similar  estimates  of  workload  were  obtained  when  the  same  tasks  were  performed  at  dif¬ 
ferent  times  in  the  flights  (Figure  3).  For  example,  all  of  the  visual  landings  were  given  the  same,  low,  workload 
ratings.  Subtle  variations  in  tasks,  however,  prompted  differences  in  workload  measures  that  were  in  the 
predicted  direction.  For  example,  both  primary  and  secondary  performance  measures  and  subjective  ratinp 
differed  for  hover  tasks  performed  in  and  out  of  ground  effect.  As  the  environmental  constraints  imposed  for  dif¬ 
ferent  contour  flight  segments  were  increased,  so  did  the  measured  levels  of  workload.  As  predicted,  there  was 
a  high  correlation  between  heart  rate  and  pilot  workload  ratings  (Figure  4).  These  workload-related  task 
groupings  will  help  in  developing  a  taxonomy  of  rotorcraft  tasks  for  a  predictive  workload  model,  and  provide  a 
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Figure  4:  Relationship  between 
heart  rate  and  pilot  ratings 


data  base  that  can  be  taken  into  the  laboratory  for  further  analysis,  and  can  be  incorporated  into  the  Arniy/NASA 
Aircrew-Aircraft  Integration  (A^l)  Program  designers  workstation. 

Future  Plans 

The  first  phase  of  the  program  has  been  completed:  the  factors  that  contribute  to  pilot  workload  have  been 
identified  and  a  set  of  valid  and  practical  measures  have  been  developed.  These  measures  are  now  being  used 
to  solve  operational  problems  posed  by  the  Army,  civil  operators,  and  industry.  A  micro-processor-based  expert 
system  for  selecting  and  applying  workload  assessment  techniques  has  been  developed  for  public  distribution. 

The  primary  goals  of  the  second  phase  of  the  workload  programs  are  to:  (1)  complete  and  apply  a  computer 
model  for  workload  prediction  in  advanced  helicopters,  (2)  develop  and  publish  criteria  for  workload  (e.g.,  How 
much  workload  is  "too  much"  or  "too  little"?),  and  (3)  continue  support  for  FAA,  Army,  civil,  and  industry 
workload  efforts. 

Workload  Prediction 

After  several  years  of  research  on  the  structure  of  pilot  workload  and  developing  and  applying  workload  as¬ 
sessment  techniques,  a  computer  model  to  predict  pilot  workload  for  current  and  advanced  rotorcraft  is  being 
developed.  In  a  research  environment,  workload  predictions  are  essential  so  that  known  levels  of  workload  can 
be  imposed  to  evaluate  candidate  measures.  In  an  applied  environment,  such  predictions  are  needed  to  estimate 
the  potential  impact  of  design  decisions  on  pilot  performance  early  in  the  design  process.  Again,  laboratory  re¬ 
search  provided  the  initial  equations  with  which  the  workload  of  task  elements  was  combined  to  derive  predic¬ 
tions  for  complex  tasks.  Here,  it  was  found  that  the  workload  of  subtasks  performed  individually,  but  concurrently, 
could  be  added  together  to  predict  the  performance  of  the  combined  task.  Subtasks  that  were  functionally  re¬ 
lated  or  shared  common  information,  processing,  or  response  requirements,  created  lower  levels  of  workload  in 
the  combined  task  than  would  be  predicted  by  adding  the  values  for  task  components. 

Experienced  workload  is  the  integrated  product  of  many  factors  in  addition  to  the  objective  demands  that 
are  placed  on  a  pilot.  Although  workload  predictions,  particularly  those  made  during  the  design  of  a  new  sys¬ 
tem,  must  necessarily  focus  on  the  objective  demands  that  are  imposed  on  a  pilot,  there  are  other  types  of  infor¬ 
mation  that  might  be  included  as  well  to  enhance  the  predictive  power  of  such  a  model.  Our  approach  has 
been  to  start  with  nominal  or  typical  flight  segments  or  mission  elements.  Information  about  their  duration,  in¬ 
tensity,  overall  workload,  and  visual,  auditory,  information  processing,  and  manual  control  requirements  arc 
obtained.  A  data  base  of  additional  tasks  or  events  that  might  occur  during  any  flight  segment  are  identified  and 
the  same  information  that  is  obtained  for  the  nominal  segments  is  obtained  for  them.  The  functional  relation¬ 
ships  among  specific  segments  and  additional  tasks  are  defined  so  the  model  can  select  the  appropriate  combina¬ 
tion  algorithms  with  which  information  about  tasks  and  segments  performed  concurrently  can  be  combined  to 
estimate  the  workload  of  the  complex  task. 
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A  preliminary  model  was  developed  based  on  this  structure.  The  predictions  of  the  model  were  tested  in  simula¬ 
tion  research,  and  were  highly  correlated  with  objective  and  subjective  measures  of  workload  obtained  in  simu¬ 
lated  flight.  (Figures)  The  full  model  is  under  development.  The  predictions  of  workload  made  by  this  model 
will  be  incorporated  into  the  A^I  Human  Factors  Engineering  Computer-Aided  Designers  Workstation  model 
under  development  at  Ames.  These  predictions  will  allow  the  designer  of  system,  subsystem,  or  mission  clement 
for  an  advanced  helicopter  to  test  the  effects  of  the  design  element  on  the  potential  pilot-population  with  a  com¬ 
puter  graphics  workstation  which  contains  many  other  analytic  models  as  well.  With  this  workstation,  potential 
problems  can  be  identified  during  the  conceptual  stage,  thereby  avoiding  expensive  and  time-consuming  cut- 
and-try  methods. 

PREDICTED  WORKLOAD  OBTAINED  WORKLOAD  RATINGS 


Figure  5:  Obtained  vs  predicted  workload  ratings  for  two  flight  scenarios. 

PILOTA^HICLE  INTERFACE 


Introduction 

The  safest  and  most  efficient  cockpit  is  one  in  which  technological  advances  are  integrated  with  other  cockpit 
systems  and  the  pilot/vehiele  interface  is  designed  with  the  needs  of  the  human  user  in  mind  so  as  to  maintain  op¬ 
timal  levels  of  pilot  workload.  CJuidelines  for  implementing  integrated  information  management,  decision- 
aiding,  and  control  systems  are  being  developed.  The  goal  is  to  provide  specifications  for  systems  that  are  tolerant 
of  human  errors  and  work  with  the  pilot  to  accomplish  mission  objectives.  In  addition,  principles  based  on 
theories  of  human  attention,  performance,  communications,  and  learning  have  been  used  to  determine  the  op¬ 
timal  interfaces  for  and  allocation  of  functions  between  pilots  and  automated  systems.  Currently,  this  work  is  being 
conducted  as  part  the  Automated  NOE  Program,  jointly  with  the  Guidance  and  Control  Branch.  NASA  re¬ 
searchers  have  tested  the  efficacy  of  some  of  the  features  that  have  been  proposed  for  the  next-generation  of  Army 
scout/attack  helicopters  (such  as  the  LHX)  to  reduce  the  workload  of  a  single  pilot.  In  particular,  the  effects  of 
different  levels  of  automation  and  voice-interactive  versus  all  manual  input  alternatives  have  been  examined  in 
a  simulated  military  NOE  environment. 

Human-Centered  Cockpit  Automation 

The  primary  goal  of  this  program  element  is  to  integrate  valid  psychological  principles,  rules-of-thumb  u.scd 
in  applied  design,  and  operational  training  procedures  to  provide  guidelines  for  the  design  of  automation  in  ad¬ 
vanced  helia)pters. 

Rather  than  automating  whatever  functions  are  technically  feasible,  and  leaving  the  rest  to  be  accomplished 
by  a  pilot,  cockpit  automation  decisions  should  be  human-centered.  Automation  levels  should  be  flexible,  pilot- 
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Figure  6:  Architecture  of  an  intelligent  interface  for  a  goal-directed  flight  management  system. 

selectable  and  driven  by  the  intents  and  goals  of  the  pilot,  rather  than  by  technology.  The  optimal  system  would 
be  one  that  mimics  an  "ideal"  copilot,  providing  the  right  level  of  information  at  the  right  time  and  assuming  the 
level  of  control  previously  specified  by  the  pilot  at  appropriate  times  inflight.  The  philosophy  and  conceptual 
design  for  an  intelligent,  goal-directed  flight  management  system,  originally  developed  for  transport  aircraft, 
is  being  investigated  as  the  basis  for  the  design  of  automated  subsystems  in  advanced  rotorcraft.  (Figure  6)  Sys¬ 
tem  objectives  and  pilot  functions  were  determined  in  order  to  specify  what  a  goal-directed  flight  management 
system  should  accomplish  in  helicopter  operations  and  the  qualitative  and  quantitative  criteria  for  doing  so. 
Refinement  of  this  model  can  be  obtained  through  basic  research  on  human  attention  and  performance  as  well  as 
through  applied  research  on  various  types  of  cockpit  automation. 

A  major  research  effort  is  underway  to  determine  the  applicability  of  six  theoretical  models  of  human  at¬ 
tention  and  performance  to  the  design  of  automation  for  advanced  rotorcraft.  A  complex  helicopter  flight  simula¬ 
tion  has  been  developed  that  mimics  the  information  processing  complexity  of  helicopter  flight  under  combat 
conditions.  Mission  segments  may  include  ingress,  navigation  through  familiar  and  unfamiliar  terrain,  rescue, 
egress,  and  targeting.  The  task  components  include  manual  control,  target  acquisition,  communications,  threat 
response,  mission  management,  monitoring  automated  subsystems,  and  resolution  of  failures.  Optimal  and 
non-optimal  system  configurations  will  be  identified,  based  on  theories  of  human  attention,  learning  and  perfor¬ 
mance.  Model  predictions  are  being  verified  with  simulation  research. 

Two  Single-Pilot  Advanced  Cockpit  Engineering  Simulations  were  conducted  in  the  Ames  Vertical  Motion 
Simulator  to  evaluate  the  effectiveness  of  different  forms  of  cockpit  automation  in  reducing  single-  pilot  workload 
levels  to  the  same  levels  experienced  by  pilots  in  conventional  two-crew  configurations.  Several  stability  and  cr)n- 
trol  augmentation  systems,  coupled  with  different  levels  of  automation  (e.g.,  hover  hold,  position  hold,  airspeed 
hold,  altitude  hold,  and  turn  coordination)  provided  alone  or  in  combination  were  evaluated  to  compare  single 
and  dual-pilot  performance  and  workload  during  low-level  military  operations  in  the  NOE  environment.  Two 
forms  of  subjective  workload  ratings  (the  Subjective  Workload  Assessment  Technique  -  SWAT,  and  the  NASA- 
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Task  Load  Index  -  NASA-TLX),  Cooper-Harper  Handling  Quality  ratings  (HQRs),  and  heart  rate  measures  were 
obtained  to  evaluate  the  effects  of  the  experimental  manipulations  on  the  pilots. 

A  clear  difference  was  evident  between  the  single-  and  dual-pilot  configurations.  For  example,  only  one  con¬ 
figuration  of  the  twenty  tested  in  the  first  simulation  was  judged  to  be  satisfactory  for  flying  NOE  with  a  single  pilot. 
The  workload  ratings  confirmed  the  results  of  the  HQRs  in  both  single-  and  dual-pilot  configurations.  In  the  second 
simulation,  as  in  the  first,  it  was  found  that  different  automation  options  were  particularly  beneficial  for  specific 
flight  segments.  For  example.  Figure  7  compares  the  results  of  the  "best"  and  "worst"  of  the  sue  configurations  in¬ 
cluded  in  the  second  simulation.  The  "best"  configuration  (labeled  1  in  Figure  7)  was  the  basic  Advanced  Digi¬ 
tal/Optical  Control  System  (ADQCS)  system  with  rate  command,  attitude  stabilization,  turn  coordination,  and 
heading,  altitude,  position,  and  hover  hold.  The  "worst"  system  (labeled  2  in  Figure  7)  was  an  attitude  command/at¬ 
titude  stabilization  system  with  heading  and  attitude  hold  and  turn  coordination.  Pilot  workload  and  handling 
qualities  ratings  were  similar  during  the  NQE  segment  for  all  configurations,  while  Configuration  1  was  superior 
for  the  remaining  flight  segments.  These  results,  as  have  others,  emphasize  the  points  that  automation /w/  w  does 
not  necessarily  have  the  same  beneficial  effects  under  all  circum.stances  and  that  currently  available  forms  of  cock¬ 
pit  automation  cannot  reduce  single-pilot  workload  to  dual-pilot  levels. 

WORKLOAD  RATINGS  HANDLING  QUALITY  RATINGS 


Figure  7:  Comparison  of  workload  and  handling  quality  ratings  for  two 
stablity  and  control  augmentation  systems. 


Automatic  Speech  Recognition 

Low-level  rotorcraft  operations  are  visually  demanding,  thus,  aural  displays  (e.g.,  human,  digitized,  and  syn¬ 
thesized  speech  messages  and  warning  tones)  have  been  proposed  as  alternative  means  of  providing  information 
to  enhance  pilots’  situational  awareness  without  further  overloading  their  visual  systems.  And,  since  flight  path 
control  continues  to  impose  demanding  manual  control  requirements  in  rotorcraft,  alternative  methods  for  pilots 
to  enter  commands  and  effect  subsystem  selections  have  been  investigated.  For  example,  it  has  been  suggested 
that  computer-  recognized  vocal  commands  should  compete  less  for  pilots’  limited  resources  than  would  manual¬ 
ly-entered  commands  during  activities  that  impose  high  manual  control  demands. 

The  feasibility  of  automatic  speech  recognition  as  a  method  of  entering  commands  and  information  to  con¬ 
trol  helicopter  flight  systems  has  been  studied  for  many  years.  In  general,  our  approach  has  been  to  utilize 
commercial  systems,  often  modifying  their  recognition  algorithms  to  improve  recognition  accuracy,  and  then  to 
use  the  enhanced  systems  to  develop  guidelines  for  the  application  of  voice  recognition  systems  in  advanced 
rotorcraft. 
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One  speech  recognilion  syslem  was  tested  in  a  Bell  Jet  Ranger  helicopter  in  level  cruise,  sustained  turn 
(that  created  blade  slap  noise),  approach  to  VNE  (that  created  additional  vibration),  and  hover  in-ground  effect 
(high  pilot  workload).  Each  pilot  trained  the  system  individually  to  his  voice  for  the  20-word  vocabulary. 
Recognition  accuracy  was  not  affected  by  cockpit  noise  or  vibration  as  much  as  might  have  been  expected. 
However,  increased  pilot  workload  did  degrade  recognition  accuracy.  The  results  are  summarized  in  Table  1. 


Table  1:  Automatic  Speech  Recognition  Accuracy 
During  Four  Flight  Modes 


Average  Noise  Level  Recognition  Accuracy 
(dbA)  (%  Correct) 


Level  Cruise 

92.5 

98.3 

Sustained  Turn 

90.0 

98.1 

Approach  to  VNE 

95.0 

95.8 

Hover  (IGE) 

91.0 

95.8 

In  a  separate  research  effort,  the  multiple  resources  model  provided  predictions  about  tasks  for  which  speech 
recognition  would  (and  would  not)  be  appropriate.  The  success  of  the  theory  in  predicting  performance  in 
laboratory  research  prompted  several  simulator  comparisons  of  speech  and  manual  control  of  different  subtasks 
in  the  context  of  advanced,  high-technology  helicopter  missions.  The  task  requirements  included  cruise,  hover, 
and  air-to-ground  engagements  flown  by  current  Army  Apache  pilots.  Some  missions  were  flown  with  all-  manual 
cockpit  controls.  Others  were  flown  with  a  combination  of  manual  (flight  path  control  and  weapons  firing)  and 
speech  controls  (weapons  selection,  data-burst  transmission,  and  countermeasure  activation). 


REACTION  TIME  DECREMENT  (MSEC) 


FLIGHT  INTERFERENCE  RATING 


CONTROL  MODE 


CONTROL  MODE 


Figure  8:  Comparison  of  speech  and  manual  modes  of  entry  for  the  selection  of  countermeasures 

Predicted  benefits  (and  drawbacks)  of  the  two  entry  systems  for  different  tasks  (e.g.,  weapon  selection,  data 
burst  transmission,  countermeasure  activation)  and  with  different  levels  of  automation  were  derived  from  the 
theoretical  and  laboratory  research.  It  was  expected  (and  found)  that  combat  tasks,  performed  with  no  automa¬ 
tion,  would  be  sufficiently  demanding  to  overload  pilot’s  capacities  for  performing  manual-control  tasks.  In  this 
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case,  an  advantage  for  voice-interactive  controls  was  found.  However,  this  advantage  was  attenuated  in  the  less 
demanding  portions  of  the  scenario.  Speech  controls  did,  in  fact,  improve  performance  by  reducing  competition 
for  manual  response  resources.  Interestingly,  the  performance  benefit  of  speech  controls  was  achieved  despite 
pilot  reports  of  higher  workload  (Figure  8).  Uttering  consistent  voice  commands  to  achieve  adequate  recognition 
accuracy  by  the  voice  input  system  demanded  additional  attention,  as  did  the  requirement  to  monitor  feedback 
from  the  system  (to  ensure  that  the  intended  armmand  was  entered).  The  results  of  both  laboratory  and  simula¬ 
tion  research  supported  the  predictions  of  the  multiple  resources  theory  and  suggest  the  utility  of  speech  controls 
in  reducing  competition  for  manual  response  resources.  However,  the  current  generation  of  voice  recognition  sys¬ 
tems  is  not  yet  sufficiently  robust  or  reliable  to  encourage  their  operational  use  for  high-priority  tasks.  It  is  ex¬ 
pected  that  the  advantage  of  speech  control  will  be  further  attenuated  as  increasing  levels  of  automation  are 
provided  in  future  simulations,  as  they  will  reduce  the  need  for  continuous  manual  control  activities. . 


VISUAL  RESEARCH 


Introduction 

The  major  challenge  that  will  be  faced  by  pilots  flying  advanced  teehnology  helicopters  will  be  the  require¬ 
ment  for  a  single  pilot  to  conduct  military  missions  at  night  and  in  adverse  weather.  The  visual  demands  of  low- 
level  flight  already  provide  a  significant  source  of  workload  for  two-man  crews  flying  current-technology 
helicopters  under  visual  flight  conditions.  Much  of  the  information  required  for  flight-path  control  at  very  low  al¬ 
titudes  is  obtained  by  monitoring  the  environment,  with  only  occasional  reference  to  flight  instruments.  There¬ 
fore,  transition  to  single-pilot  operations  will  require  technological  advances  to  facilitate  and  enhance  pilots 
abilities  to  extract  information  from  the  environment  for  immediate  flight-path  control  and  geographical  orienta¬ 
tion. 

Little  is  known  about  how  humans  extract  information  about  vehicle  state,  motion  parameters,  and  how  they 
orient  themselves  to  the  immediate  environment  from  direct  visual  cues  in  good  visibility.  In  addition,  technologi¬ 
cal  advances  have  been  introduced  to  aid  pilot  performance  in  low  visibility  (such  as  helmet-mounted  displays  of 
sensor  imagery  or  computer-  generated  symbology),  although  basic  knowledge  about  human  perceptual 
capabilities  in  this  area  is  seriously  deficient.  Thus,  research  was  initiated  in  collaboration  with  the  Army  to  es¬ 
tablish  pilot  performance  limitations  with  current  and  advanced  helmet-mounted  night  vision  systems,  specify  the 
minimum  visual  cues  necessary  for  pilots  to  maintain  situational  awareness  (e.g.,  perceive  motion,  estimate  i  angc, 
and  identify  objects),  and  develop  quidelines  for  the  design  and  use  of  such  systems  based  on  human  perceptual 
and  performance  capabilities. 

The  near-term  goal  of  this  program  element  is  to  specify  the  visual  requirements  in  and  outside  of  the  cock¬ 
pit  for  flight-path  control,  to  optimize  display  formats  and  symbologies,  and  to  augment  and  enhance  images 
provided  by  sensors  to  aid  in  the  design  of  adequate  helmet-  mounted  displays  for  pilots  to  use  at  night  and  in 
low  visibility.  The  long-term  goal  is  to  provide  the  algorithms,  based  on  a  model  of  the  human  vision  system,  for 
a  machine  vision  system  to  enable  automated  NOE  flight.  This  goal  is  a  key  element  in  the  Aircraft  Automation 
Program  at  Ames,  and  will  be  performed  in  conjunction  with  researchers  in  other  divisions  in  the  Aerospace 
Directorate. 

Cockpit  Displays  for  Low-Visibility  Operations 

There  are  a  number  of  ways  that  a  pilot’s  visual  information  requirements  might  be  met  under  low-visibility 
conditions.  Each  alternative  poses  a  number  of  research  questions,  however.  Current  systems  for  providing 
pilots  with  visual  information  in  low- visibility  conditions  include  light-intensifying  goggles  and  thermal  imaging  sys¬ 
tems.  Computer-  generated  symbology  or  other  types  of  graphic  displays  are  often  superimposed  on  a  remote¬ 
ly-sensed  video  image,  creating  problems  of  display  clutter,  background  stimulation  interfering  with  visual  tasks 
in  the  fovea,  and  incompatibilities  when  the  sensor  is  off-axis  with  respect  to  the  direction  of  helicopter  move- 
ment. 
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S(ale-of-lhe-art  helmet-mounted  displays  not  only  limit  pilots’  abilities  to  extract  motion  cues  (due  to  ihcir  nar¬ 
row  field  of  view),  but  also  require  pilots  to  shift  their  attention  among  sensor  images  and  computer-generated 
symbology  presented  on  the  same  display,  panel-mounted  displays,  and  environmental  cues  visible  to  the  unaided 
eye.  A  research  program  has  been  initiated  to  examine  the  cognitive  and  perceptual  demands  thus  placed  on  the 
pilots,  establish  guidelines  about  the  use  of  monocular,  binocular,  and  binocular  HMD  formats,  and  to  propose 
alternative  training  methods  to  improve  pilots’  abilities  to  use  such  devices. 

Advances  in  technology  might  enable  computer-generated  enhancement  and  display  of  remotely-sensed  visual 
information.  This  possibility  requires  research  on  image-processing  techniques,  such  as  holography  and  stereo¬ 
scopic  systems,  and  matching  display  characteristics  to  the  properties  of  the  human  visual  system.  Other  systems, 
such  as  one  under  development  at  Ames  might  provide  a  low-cost  "virtual"  environment  in  which  a  pilot  could 
visually  explore  360  deg  of  computer-generated  or  remotely  sensed  environmental  information  with  a  wide-angle 
(120  deg)  stereo  display.  The  system  might  be  controlled  by  pilot  body  or  head  position,  gesture,  or  voice.  This 
technology,  however  promising,  is  several  years  from  practical  application,  however.  Even  greater  advances  in 
technology  and  vision  modeling  might  eventually  create  machine  vision  systems  to  enable  automated  NOE  flight. 

Computational  Model  of  Visual  Flow  Fields 

Software  tools,  developed  at  Ames,  can  represent  the  visual  information  reaching  the  pilot’s  eyes,  model 
how  this  information  is  used,  and  generate  velocity  flow  fields.  These  analytic  tools  can  be  used  to:  (1)  analyze 
the  visual  scene  requirements  (based  on  rate  of  movement,  height  above  the  ground,  field  of  view,  and  terrain 
features)  for  various  phases  of  flight,  (2)  determine  the  resolution  and  field  of  view  requirements  of  helmet- 
mounted  displays  and  obstacle-avoidance  systems,  (3)  develop  guidelines  for  the  placement  and  properties  of 
sen.sors  to  provide  optimal  information  for  human  users,  (4)  provide  guidance  and  control  algorithms,  and  (5) 
specify  the  visual  information  requirements  for  NOE  flight  in  low  visibility.  In  addition,  display  formats  are  being 
developed  which  can  provide  pilots  with  additional  information  when  available  visual  cues  arc  inadequate  (e.g., 
hovering  with  a  narrow-field-  of-view,  monocular  display). 

Visual  Flight-Path  Control 

Models  of  visual  perception  developed  at  Ames  and  aviation  accident  reports  suggest  that  pilots  may  use  inap¬ 
propriate  visual  cues  to  control  altitude.  For  example,  a  model  of  human  slant  perception  was  developed  that  can 
predict  the  errors  that  will  occur  under  conditions  of  low  visibility  or  on  relatively  featureless  terrain.  Even  for 
landings  that  occur  at  airfields,  the  absence  of  visually  perceptible  perspective  lines  converging  on  the  targeted 
touchdown  point  early  in  the  approach  can  contribute  to  "landing  short"  accidents.  The  problem  is  particular¬ 
ly  acute  for  the  steep  angles  of  approach  that  helicopters  are  capable  of  flying.  Additional  research  is  being 
conducted  to  determine  the  information  that  is  provided  by  motion  cues  (such  as  naturally  occurring  optical 
flow  patterns  or  those  simulated  on  a  cockpit  display)  to  extend  the  utility  of  the  model. 

A  part-task  simulation  was  conducted  to  determine  how  pilots  extract  and  use  vehicle  motion  cues  (represented 
by  stylized  perspective  displays  such  as  depicted  in  Figure  9a).  Horizontal  perspective  lines  (orthogonal  to  the 
direction  of  flight)  contributed  to  better  altitude  control  than  did  perspective  lines  (parallel  to  the  direction  of 
flight).  Optical  motion  associated  with  lateral  translations  was  misinterpreted  as  altitude  changes,  further  con¬ 
tributing  to  altitude-control  errors  (Figure  9b). 

Additional  research  was  conducted  to  examine  how  pilots  extract  cues  from  panel-  and  helmet-mounted  dis¬ 
plays  to  maintain  visual  control  t)f  altitude  while  tracking  targets  moving  off-axis  to  the  direction  of  llight.  The  per¬ 
formance  envelopes  for  three-dimensional  target  tracking  using  visually-coupled  devices  was  examined  with 
impoverished  (perspective  grid  displays)  and  high-fidelity  (computer-generated  terrain)  visual  scenes.  A  part-task 
simulation  established  range,  azimuth,  and  elevation  parameters.  Optical  velocities  accounted  for  most  of  the 
tracking  errors;  velocities  as  low  as  30-40  deg/sec  resulted  in  degraded  performance.  As  the  slant  range  of  a  tar¬ 
get  was  decreased,  a  constant  ground  error  was  represented  by  an  increase  in  displayed  error  on  the  helmet- 
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Figure  9;  Altitude  contror  performance  using  texture-augmented  displays. 

mounted  display.  Thus,  line-of-  sight  errors  projected  onto  the  ground  were  minimized,  rather  than  display  error 
(the  basic  geometry  in  depicted  in  Figure  10). 

A  high-fidelity  helicopter  simulation  evaluated  the  performance  consequences  of  off-axis  tracking  in  a  more 
realistic  setting.  Army  Apache  pilots  tracked  moving  targets  from  a  hover  or  while  in  motion  asing  information 
displayed  on  a  Honeywell  IH  ADSS.  Target  tracking  was  accomplished  by  the  pilot-flying  (Manual)  or  the  pilot- 
not-flying  (Automatic)  under  simulated  day  and  night  conditions.  Preliminary  analyses  indicate  that  pilots  had  dif¬ 
ficulty  conducting  simultaneous  target  tracking  and  aircraft  control  tasks.  Again,  optical  velocity  accounted  for 
most  of  the  tracking  errors,  ground  errors  remained  relatively  constant  (although  displayed  error  increased)  as 
slant  angle  increased  (Figure  11),  and  tracking  performance  was  worse  with  curved  flight  paths  than  with  straight. 

Biodynamic  Factors 

The  detrimental  effects  of  vibration  on  visual  acuity  have  been  well  documented  for  direct  vision.  They  are 
even  more  severe  with  helmet-  mounted  displays  where  decrements  are  caused  by  relative  motion  between  a  dis¬ 
played  image  (due  to  involuntary,  vibration-induced  head  motions)  and  the  eye.  The  normal  veslibulai-ocular 
reflex  induces  eye  movements  that  oppose  those  of  the  head  to  maintain  a  stationary  point  of  regard.  While  ap¬ 
propriate  for  viewing  panel-mounted  displays,  it  is  not  appropriate  for  helmet-mounted  displays;  relative  motion 
is  produced  between  the  image  on  the  head-coupled  display  and  the  eye,  resulting  in  retinal  blurring,  increased 
errors  and  longer  responses. 

Based  on  a  computer  simulation  of  the  vibralit)n  frequencies  of  helicopters,  an  adaptive  noise-canceling  tech¬ 
nique  has  been  developed  at  Ames,  that  minimizes  the  relative  mi)tion  between  viewed  images  and  the  eye  by  shift¬ 
ing  displayed  images  in  the  same  direction  and  magnitude  as  the  induced  reflexive  eye  movement.  This  filter 
stabilizes  the  images  in  space  while  still  allowing  the  low-frequency  voluntary  head  motions  that  are  required  for 
aiming  accuracy. 
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Figure  10:  Screen  error  vs  ground 
error:  Basic  Geometry 
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Figure  11:  Manual  vs  automalic  flight: 
(Obtained  screen  error  vs  ground  error. 


Display  Resolution 

The  problem  of  display  resolution  has  been  raised,  particularly  in  conjunction  with  helmet-mounted  pilot 
night  vision  systems.  Research  is  required  to  determine  whether  the  field  of  view  is  the  key  to  enhancing  the  ef¬ 
fectiveness  of  a  night  vision  system,  or  rather  the  display  resolution  of  the  images,  the  addition  of  binocular  cues, 
or  other  factors. 

The  computational  model  of  human  vision  developed  at  Ames  can  be  used  to  specify  optimal  spatial  and  tem- 
prwal  sampling  procedures  to  enhance  human  visual  performance  using  computer-generated  displays,  video  dis¬ 
plays  provided  by  remote  sensors,  or  computer-generated  symbology  superimposed  on  video  displays. 
Depending  on  the  display  resolution  available,  accurate  estimates  can  be  made  about  visual  information  frequen¬ 
cies  that  can  be  displayed  without  distortion.  In  addition,  by  emulating  the  irregular  sampling  characteristics  of 
the  human  vision  system,  the  problem  of  aliasing  can  be  avoided  when  generating  visual  displays. 


Expert  System  for  Symbology  Evaluation 

Most  advanced  helmet-mounted  display  designs  include  superimposed,  computer-generated  instrument  dis¬ 
plays.  Although  it  is  often  possible  to  evaluate  candidate  symbologies  empirically,  a  more  effective  method  is  to 
evaluate  them  in  software.  For  example,  an  expert  system  has  been  developed  by  the  Perception  and  Cognition 
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Group  at  Ames  to  automate  the  evaluation  of  helicopter  display  symbologies.  The  Ames  Vision  Moticl  was  used 
to  compute  the  perceptual  distances  among  alternative  symbols  and  fonts  to  provide  objective  criteria  lor  select¬ 
ing  perceptually  distinct  symbols. 


TRAINING 

The  training  research  element  includes  theoretical  development  of  optimal  training  strategies,  application  of 
these  strategies  in  operational  environments,  and  formulation  of  evaluation  criteria  for  training  programs.  Our  in¬ 
terest  in  training  evolved  from  its  apparent  relationship  with  workload.  Training  is  often  proposed  as  a  solution 
to  workload  problems,  as  it  is  assumed  that  both  performance  and  workload  are  equally  improved  by  training. 
However,  the  two  research  areas  rarely,  if  ever,  overlap  and  there  is  little  empirical  evidence  to  support  such  as¬ 
sumptions.  In  addition,  the  workload  encountered  by  trainees  must  be  monitored  to  ensure  that:  it  is  low  enough 
to  allow  learning  to  take  place,  (2)  training  elements  and  promotion  rules  are  derived  logi^lly,  and  (3)  training 
time  is  optimized.  Since  the  cost  of  training  is  escalating  rapidly,  low-cost,  effective  training  methods  are  ur¬ 
gently  needed. 

NASA/Army  Workshops 

Ames  co-sponsored  two  workshops  with  the  U.  S.  Arrtiy  to  initiate  this  program  element.  The  topic  of  the 
first  workshop  was  the  relationship  between  workload  and  training.  The  topic  of  the  second  workshop  was  in¬ 
dividual  differences  in  pilot  selection,  training,  workload,  and  operational  performance.  Participants  were  in¬ 
vited  from  academia,  industry  and  the  government  to  discuss  workload  and  training  and  their  relationships  in 
the  context  of  advanced  helicopter  operations.  The  results  of  the  workshop  have  been  summarized  in  an  Execu¬ 
tive  Summary  and  will  be  published  in  book  form.  The  meeting  was  a  great  success  in  acquainting  members  of  dif¬ 
ferent  research  communities,  revealing  their  problems,  and  discussing  why  there  is  such  a  limited  How  of 
information  and  support  among  industry,  academic  and  government  research  laboratories. 

Theoretical  Development 

As  a  consequence  of  these  two  workshops,  there  has  been  a  .significant  increase  in  research  directed  toward  un¬ 
derstanding  the  relationships  among  workload,  training,  and  performance  and  in  developing  efficient  and  effec¬ 
tive  training  strategies.  Although  training  is  essential  in  achieving  acceptable  levels  of  performance  for  complex 
systems,  and  it  is  often  proposed  as  a  solution  for  workload-related  problems,  the  assumption  that  both  perfor¬ 
mance  and  workload  are  improved  equally  by  training  appears  to  be  unfounded.  Furthermore,  trainee  workload 
must  be  monitored  to  ensure  that  it  is  low  enough  (for  learning  to  take  place),  yet  high  enough  to  make  optimal 
use  of  training  resources. 

Part-task  training  is  one  method  by  which  acceptable  levels  of  trainee  workload  can  be  achieved  during  the  in¬ 
itial  exposure  to  complex  and  difficult  tasks.  In  part-task  training,  specific  task  elements  are  singled  out  for  in¬ 
dividual  practice.  The  goal  is  to  reduce  the  workload  of  these  tasks  (by  achieving  automatic  performance)  so  they 
will  not  consume  the  cognitive  resources  required  to  learn  the  remainder  of  the  task.  A  disadvantage  is  that  these, 
tasks  must  be  re-integrated  into  the  whole  task  to  ensure  that  they  can  be  performed  collectively. 

An  alternative  method  has  been  suggested  in  which  the  whole  task  forms  the  basis  of  training,  but  priority  in¬ 
structions  focus  the  trainee’s  attention  on  one  element  of  the  task  at  a  time.  This  form  of  embedded  part-  task 
training  achieves  acceptable  levels  of  workload  by  requiring  that  trainees  learn  and  attend  to  only  one  element  of 
the  task  at  a  time.  Since  the  component  tasks  are  presented  in  the  context  ol  the  entire  task,  however,  smne  time¬ 
sharing  skills  are  developed  during  initial  training,  and  integrating  the  component  skills  to  promote  efficient  over¬ 
all  task  performance  presents  less  of  a  problem. 
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These  and  other  training  approaches  have  been  evaluated  in  laboratory  research  and  in  the  context  of  helicop¬ 
ter  llight  training.  The  goal  is  to  identify  which  skills  and  task  components  are  most  likely  to  benefit  from  specific 
training  strategies  and  to  develop  guidelines  for  developing  training  programs.  Existing  theoretical  predictions 
form  the  basis  of  this  research,  although  their  applicability  to  complex  skills,  such  as  helicopter  flight,  had  to  be  es¬ 
tablished.  For  example,  laboratory  research  has  suggested  that  performance  and  workload  improvements  would 
be  found  for  "consistent”  task  components  but  not  for  "inconsistent"  components.  A  consistent  component  is  one 
for  which  specific  information,  display  configura-  io 

lions,  or  system  stales  are  invariably  associated  with  - -  . 

a  specuic  response.  By  contrast,  inconsistent  com-  _  I 

^  .  ..rr  I  •  P-T(TARGT)  I 

ponents  may  require  duierent  responses  each  time  BMapTCTRL  i 

they  occur,  and  neither  performance  nor  workload  ^  ^  ^ 

improvements  occur  as  training  progresses.  This  l 

theory  would  predict  that  pilots  would  benefit  from  ^ 

part-task  training  on  target  acquisition  (a  "consis-  r 

tent"  task)  but  not  from  part-task  training  on  vehicle-  ^  e 

control  training  (a  less  consistent  task).  R 

Alternatively,  for  tasks  in  which  time-  sharing  is  the  ~ _ _ _ 

most  critical  required  skill,  other  theories  would  _ ^ 

predict  that  part-task  training  methods  would  be  less  4 _ _ 

effective  than  whole-task  training,  because  learning  ea^ly  ia\b 

how  to  integrate  or  time-share  two  tasks  that  require  experimental  session  phase 

common  visual/manual  resources  can  only  be  Figure  12:  Comparison  of  three  training  methods  in  the 
learned  in  the  context  of  the  whole  task.  To  conduct 

this  research  element,  an  efficient  method  of  performing  task  and  skill  analyses  was  developed  to  identify  the 
specific  skills  that  might  be  improved  by  either  part-task  or  whole-task  training  methods.  Several  alternative  train¬ 
ing  methods,  including  part-task,  whole-  task,  and  priority  manipulation  within  a  whole-task,  have  been  examined 
in  simulation  research.  For  example,  in  a  recent  helicopter  simulation,  it  was  found  that  part-task  training  on  more 
consistent  task  components  (e.g.,  target  acquisition)  resulted  in  better  vehicle-control  performance  in  the  in¬ 
tegrated  task  than  did  part-task  training  on  vehicle  control  perse  (Figure  12).  However,  neither  part-task  training 
method  was  as  effective  as  whole  task  training,  as  this  whole-task  training  allowed  pilots  sufficient  opportunity  to 
develop  necessary  time-sharing  skills  in  context.  The  results  of  this  and  other  simulation  research  emphasize  the 
importance  of  matching  training  procedures  to  the  characteristics  of  individual  task  elements  as  well  as  to  the  struc¬ 
ture  of  the  integrated,  target  activity  to  achieve  the  most  effective  and  efficient  use  of  training  time  and  facilities. 


EXPERIMENTAL  SESSION  PHASE 


Figure  12:  Comparison  of  three  training  methods  in  the 


Training  Procedures  for  Advanced  Night-Vision  Systems 

Training  pilots  to  use  helmet-mounted,  sensor-driven,  night  vision  systems  is  one  of  the  most  demanding  chal¬ 
lenges  faced  by  military  and  civilian  users.  Although  these  systems  allow  pilots  to  perform  low-level  missions  at 
night  and  in  low-visibility,  they  impose  high  workload  and  pilots  arc  generally  not  able  to  achieve  the  same  perfor¬ 
mance  levels  possible  with  direct  vision.  Furthermore,  the  cost  of  training  is  extremely  high;  training  is  currently 
conducted  entirely  in  flight  as  adequate  simulations  do  not  yet  exist.  Thus,  providing  initial  training  in  micro¬ 
processor-based,  part-task  simulators  might  provide  an  environment  in  which  the  perceptual  and  cognitive 
problems  characteristic  of  this  system  could  be  resolved  prior  to  the  beginning  of  inflight  training. 


Pilots  experience  considerable  difficulty  during  initial  training  with  helmet-mounted  pilot  night  vision  systems. 
In  addition,  some  of  these  difficulties  persist  even  after  many  hours  of  use  and  skills  degrade  quickly  if  they  are  not 
used.  A  survey  was  conducted  in  which  several  key  problem  areas  emerged:  low  resolution,  reduced  field  of  view, 
inadequate  image  definition,  monocular  display  format,  offset  sensor  location,  superimposed  HUD  symbology, 
and  helmet  fit  and  weight.  These  system-related  problems  result  in  difficulties  in  detecting,  identifying,  and  track¬ 
ing  objects,  binocular  rivalry  (between  the  aided  and  unaided  eyes),  motion  parallax,  poor  motion,  depth,  and  range 
perceptions,  and  visual  fatigue.  These,  in  turn,  limit  performance  and  mission  duration. 


946 


These  results  prompted  research  to  identify  the  underlying  perceptual  and  information  processing  mechanisms 
which  must  be  addressed  during  training  and  to  establish  optimal  learning  strategies.  The  goal  is  to  develop 
guidelines  for  a  low-cost,  microprocessor-based  training  program  which  will  allow  pilots  to  develop  the  skills  neccs- 
sary  lo  use  such  systems  effectively. 

In  parallel,  a  research  program  was  established  to  evaluate  the  effectiveness  of  microprocessor-based  training 
programs  in  the  acquisition  and  performance  of  general  flight-management  skills.  The  goal  is  to  evaluate  the  ef¬ 
fectiveness  of  complex  computer  games  In  improving  the  acquisition  and  performance  of  flight  management  skills. 
The  underlying  rationale  is  that  the  strategies  and  cognitive  skills  learned  by  interacting  with  low-  cost  computer 
games  can  be  generalized  to  the  learning  and  performance  of  complex  operational  tasks.  Cognitive  skills  train¬ 
ing  will  be  provided  to  half  of  the  members  of  an  incoming  class  of  pilots  during  basic  flight  training.  The  total 
training  times,  flight  school  retention  statistics,  and  flying  performance  of  the  two  groups  of  pilots  will  be  com¬ 
pared  and  a  longitudinal  study  of  their  operational  performance  will  be  conducted. 

To  date,  a  lask/skill  analysis  has  been  completed  and  the  training  program  has  been  developed.  Field  tests  began 
in  October  1987  with  a  group  of  incoming  pilot-trainees.  Total  training  times,  flight  school  retention  statistics,  and 
flying  performance  will  be  compared  to  those  of  pilots  in  the  standard  training  program.  If  the  cognitivc-skills- 
training  procedures  prove  to  be  effective,  then  a  ground-based  training  system  will  be  developed  to  improve  pilot 
performance  with  night  vision  systems.  This  system  will  train  pilots  how  to  interpret  superimposed  symbology, 
f(KUs  and  shift  their  visual  attention,  compensate  for  the  loss  of  peripheral  cues,  and  adapt  to  the  distortions  and 
resolution  limitations  of  current  (and  projected)  helmet-mounted,  night  vision  systems 


SUMMARY 


At  each  stage  in  the  research  process,  information  obtained  in  more  realistic  situations  was  used  to  refine 
theoretical  models  and  provide  the  focus  for  well-controlled  laboratory  studies  to  address  s|^cilic  issues.  By 
moving  back  and  forth  between  the  three  research  environments,  the  requirements  of  theoretical  development 
can  be  balanced  against  the  requirements  of  the  "real  world".  Furthermore,  operational  relevance  can  be  insured 
at  the  same  time  that  the  predictive  advantages  of  a  theoretical  foundation  can  be  maintained.  II  theoretical  re¬ 
searchers  cannot  become  familiar  with  applied  problems  (through  participation  in  simulation  and  inflight  re¬ 
search)  and  if  designers,  engineers,  and  operational  test  and  evaluation  personnel  are  not  exposed  to  the 
advantages  of  experimental  control,  a  theoretical  loundation,  and  the  use  ol  validated  measures,  the  advances  made 
in  none  of  these  fields  can  be  capitalized  upon. 

This  is  the  unique  role  that  a  government  research  laboratory,  such  as  Ames  Research  Center,  can  play.  Here, 
scientists,  engineers,  and  pilots  work  in  close  proximity  to  each  other  and  can  conduct  collaborative  research  in 
which  each  can  take  advantage  of  the  other’s  knowledge  and  tools  to  provide  a  strong  research  foundation  that 
can  be  transferred  to  industry.  If  nothing  else,  this  environment  creates  a  unique  opportunity  for  each  group 
to  learn  the  other’s  language.  This  provides  a  vehicle  for  translating  the  considerable  data  base  available  in 
academia  and  the  pragmatic  experiences  of  designers,  engineers,  and  pilots  into  a  useful  body  of  knowledge. 
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ROTORCRAFT  HANDLING-QUALITIES  DESIGN  CRITERIA  DEVELOPMENT 
Edwin  W.  Aiken,  J.  Victor  Lebacqz,  Robert  T.  N.  Chen,  and  David  L.  Key,* 

Ames  Research  Center 


SUMMARY 


Handling  qualities  are  those  qualities  or  characteristics  of  an  aircraft  that 
govern  the  ease  and  precision  with  which  a  pilot  is  able  to  perform  those  flight 
tasks  required  in  support  of  an  aircraft  mission.  These  qualities  include  not  only 
the  basic  vehicle  stability  and  control  characteristics  but  also  the  displays  and 
controllers  that  comprise  the  pilot-vehicle  interface.  Joint  NASA/Army  efforts  at 
Ames  Research  Center  to  develop  rotorcraft  handling-qualities  design  criteria  began 
in  earnest  in  1975.  At  that  time,  primarily  because  of  the  need  to  simulate  Army 
missions  embodying  the  new  doctrine  of  nap-of-the-Earth  (NOE)  operations  and  the 
emergence  of  Ames  as  the  lead  rotorcraft  research  center  for  NASA,  the  development 
of  both  ground-based  and  flight  research  facilities  was  intiated.  Notable  results 
of  this  effort  were  the  UH-1H  VSTOLAND  variable  stability  helicopter,  the  VFA-2 
camera-and-terrain-board  simulator  visual  system,  and  the  generic  helicopter  real¬ 
time  mathematical  model,  ARMCOP.  Using  these  facilities,  an  initial  series  of 
handling-qualities  studies  was  conducted  to  assess  the  effects  of  rotor  design 
parameters,  interaxis  coupling,  and  various  levels  of  stability  and  control  augmen¬ 
tation.  In  addition,  the  effects  of  the  format  and  dynamics  of  electronic  display 
symbols  were  investigated  for  NOE  tasks  conducted  during  night  and  adverse  weather 
conditions . 

Further  improvements  in  the  capability  for  rotorcraft  handling-qualities 
research  occurred  in  1979,  when  the  Vertical  Motion  Simulator  became  operational, 
and  in  1982,  with  the  addition  of  a  multiwindow,  computer-generated-imagery  visual 
system.  Using  these  new  facilities,  many  noteworthy  research  efforts  were,  and  are 
continuing  to  be,  conducted.  Included  among  these  are  investigations  of  the  effects 
of  side-stick  controllers,  roll-control  requirements,  directional-control  require¬ 
ments,  and  requirements  for  helicopter  air  combat  agility  and  maneuverability.  The 
capability  of  the  current  research  facility  to  conduct  moving-base  simulations  of 
near-terrain  helicopter  air  combat  is  unmatched  and  is  critical  for  this  newly 
defined  mission. 

The  ability  to  conduct  in-flight  handling-qualities  research  has  been  enhanced 
by  the  development  of  the  NASA/Army  CH-47  variable-stability  helicopter.  This 
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facility  allows  the  investigation  of  a  wide  range  of  control  response  and  electronic 
display  characteristics  in  the  actual  flight  environment.  Research  programs  con¬ 
ducted  using  this  vehicle  include  vertical-response  investigations,  hover  augmenta¬ 
tion  systems,  and  the  effects  of  control-force  characteristics. 

The  handling-qualities  data  base  created  by  these  and  other  experimental  pro¬ 
grams  was  Judged  to  be  sufficient  to  allow  an  update  of  the  military  helicopter 
handling-qualities  specification,  MIL-H-8501 .  That  effort  was  intiated  in  1982  and, 
by  December  1985,  a  version  was  ready  to  be  included  as  part  of  the  request  for 
proposals  for  the  new  Army  Family  of  Light  Helicopters,  LHX. 

This  report  summarizes  these  efforts,  including  not  only  the  in-house  experi¬ 
mental  work  but  also  contracted  research  and  collaborative  programs  performed  under 
the  auspices  of  various  international  agreements.  The  report  concludes  by  reviewing 
the  topics  that  are  currently  most  in  need  of  work  and  the  plans  for  addressing 
these  topics. 


INTRODUCTION 


Handling  qualities  are  "those  qualities  or  characteristics  of  an  aircraft  that 
govern  the  ease  and  precision  with  which  a  pilot  is  able  to  perform  the  tasks 
required  in  support  of  the  aircraft  role"  (ref.  1). 

Handling  qualities  may,  therefore,  be  thought  of  as  being  a  measure  of  the 
degree  to  which  the  pilot  is  able  to  exploit  the  aircraft's  inherent  performance 
potential,  with  acceptable  workload  and  training.  The  effect  of  inadequate  handling 
qualities  is  less  obvious  than  is  an  error  in  structural  limit  and  weight  or  drag 
estimation.  This  situation  occurs  because  handling-qualities  involve  the  ability  of 
the  pilot  to  perform  certain  mission  tasks,  and  pilots  are  very  adaptable;  moreover, 
the  performance  requirements  for  mission  tasks  are  usually  ill-defined.  Thus,  the 
tasks  may  still  be  performed  even  though  the  pilot  is  overworked  and,  perhaps,  only 
marginally  in  control.  Such  shortcomings  manifest  themselves  as  high  accident  rates 
(pilot  error  is  the  most  common  cause  of  accidents),  pilot  fatigue,  and  excessive 
training  required  to  develop  and  maintain  proficiency. 

A  more  obvious  example  in  which  better  handling-qualities  design  capabilities 
may  have  avoided  a  problem  is  the  redesign  of  the  AH-64  Apache  empennage  from  a 
T-tail  to  a  low-mounted,  horizontal  stabilizer  late  in  the  development  program. 
Similarly,  better  criteria  and  simulation  capabilities  may  have  avoided  potential 
problems  with  the  UH-60  Black  Hawk  stabilator,  which  even  now  is  undergoing  design 
changes.  High-performance  fixed-wing  aircraft  are  replete  with  handling-qualities 
problems  discovered  at  or  after  first  flight,  even  though  the  data  supporting  fixed- 
wing  handling-qualities  criteria  and  specifications  are  better  defined  than  they  are 
for  rotorcraft. 

Many  modern  rotorcraft  missions  involve  flight  close  to  the  ground  or  near 
obstacles  such  as  ships.  These  missions  demand  a  continual  precision  of  control 
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that  is  necessary  in  other  aircraft  only  during  takeoff  and  landing  or  in  formation 
flight.  To  perform  these  missions,  the  outside  world  has  to  be  visible  at  all 
times,  and  yet  the  user  wants  to  operate  in  poor  weather  and  at  night.  As  a  result, 
vision  aids  have  to  be  used,  and,  since  it  will  be  many  years  before  vision  aids 
provide  anything  close  to  the  fidelity  of  looking  out  the  window  in  visual  meteoro¬ 
logical  conditions  (VMC),  the  visual  cues  can  be  expected  to  be  degraded  and  there¬ 
fore  to  have  a  major  effect  on  handling  qualities. 

Many  of  these  low-altitude,  low-speed  mission  tasks  are  performed  relative  to 
some  ground-fixed  reference,  so  even  a  constant  wind  is  a  complicating  handling- 
qualities  factor.  Local  objects,  such  as  buildings,  trees,  or  hills  can  disturb  the 
airflow  to  make  the  task  even  more  difficult.  Another  unique  mission  capability  of 
rotorcraft  is  their  ability  to  carry  slung  loads.  This  introduces  many  complica¬ 
tions  to  the  overall  handling-qualities  task.  These  mission  characteristics  not 
only  make  helicopter  handling  qualities  very  demanding  and  critical  to  mission 
accomplishment,  but  also  very  difficult  to  reproduce  in  a  simulator  for  research, 
development,  or  training. 

In  addition  to  the  missions  performed  by  rotorcraft,  the  vehicles  themselves 
have  many  unique  characteristics  with  implications  for  handling-qualities  needs  and 
criteria  development.  Because  of  their  complex  aerodynamics,  they  are  exceedingly 
difficult  to  represent  mathematically  for  accurate  analysis  and  simulation.  For 
example,  there  are  complex  interactions  between  the  main  and  tail  rotors.  When 
flying  at  low  speed,  the  low  dynamic  pressure  means  that  small  perturbations  in 
flight  direction  or  wind  can  have  large  effects  on  the  rotorcraft  forces  and 
moments.  The  kinematics  are  more  predictable  but  still  highly  complex.  The  overall 
result  is  that  considerable  cross-coupling  exists  between  longitudinal  and  lateral 
directional  axes  (pitch-to-roll,  collective  control  to  yaw,  etc.);  responses  to 
control  and  disturbances  are  nonlinear,  so  that  response  to  control  is  different  to 
the  left  than  to  the  right;  and  the  responses  change  nonlinearly  with  the  size  of 
the  disturbance.  In  addition,  many  of  these  effects  are  frequency-dependent. 

Another  ramification  of  these  complexities  that  is  important  for  handling 
qualities  is  the  multiplicity  of  limits  that  the  pilot  has  to  observe.  These  limits 
tend  not  to  be  unique.  For  example,  normal  load-factor  limit  depends  on  the  mix  of 
longitudinal  cyclic  and  collective  control  used  to  induce  the  load-factor  excursion. 
Many  limiting  parameters  are  difficult  to  sense,  and  few  limits  are  indicated  to  the 
pilot.  As  a  result,  pilots  tend  to  give  dangerous  limiting  conditions  a  wide  berth 
so  they  stay  well  within  the  available  performance  envelope  instead  of  exploiting 
the  rotorcraft 's  full  potential. 

Finally,  the  critical  factor  in  handling  qualities,  the  pilot,  is  subjected  to 
a  unique  environment  of  high  noise,  high  vibration,  and  extreme  temperatures.  As  a 
result,  most  old  helicopter  pilots  are  hard  of  hearing  and  have  bad  backs. 

Methods  of  achieving  good  handling  qualities  are  indicated  in  figure  1. 

Clearly,  the  cost  of  making  any  changes  to  correct  deficiencies  increases  as  the 
aircraft  moves  into  the  later  development  stages,  so  handling-qualities  criteria  and 
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specifications  significantly  affect  development  cost.  Handling-qualities  criteria 
and  specifications  can  provide  the  following  capabilities: 

1.  The  ability  for  the  Department  of  Defense  (DOD)  and  the  manufacturers  to 
make  intelligent,  informed  design  trade-offs  during  aircraft  design  and  development. 

2.  A  central  source  of  design  guidance  when  the  data  are  documented  and  com¬ 
piled  in  a  handling-qualities  specification.  This  will  help  avoid  repeating  past 
mistakes  each  time  a  new  aircraft  is  developed  or  an  existing  aircraft  modified. 

3.  A  method  for  DOD  agencies  to  effectively  monitor,  guide,  or  evaluate  the 
manufacturer's  research  and  designs. 

The  current  helicopter  handling-qualities  specification,  MIL-H-8501,  was  writ¬ 
ten  in  1952  with  a  minor  revision  in  1961.  It  has  long  been  recognized  as  obsolete 
(refs.  1,2).  Table  1  indicates  the  primary  deficiencies  of  MIL-H-8501  and  also 
summarizes  the  characteristics  of  other  proposed  specifications.  Despite  these 
shortcomings,  MIL-H-8501  is  still  being  used  for  testing  by  the  flight-test  commu¬ 
nity;  yet,  it  is  ignored  for  mission-suitability  assessment.  A  new  specification  is 

essential . 

In  1975  the  Army  recognized  these  specification  deficiencies  and,  in  collabora¬ 
tion  with  NASA,  started  a  major  effort  to  develop  a  data  base  and  design  criteria 
that  could  eventually  be  integrated  into  a  new  specification.  By  1982,  sufficient 
progress  had  been  made  to  Justify  initiating  the  development  of  a  new  specification. 
Army  responsibility  for  helicopter  specifications  rests  with  the  Aviation  Systems 
Command  (AVSCOM)  Directorate  of  Engineering,  but  the  effort  to  generate  the  new 
specification  is  being  led  by  the  Aeroflightdynamics  Directorate  of  ARTA,  with  help 
from  Ames  Research  Center.  The  work  is  monitored  by  a  Technical  Review  Committee 
having  representation  from  Army  user  organizations;  Army  test  organizations;  the 
Navy,  through  the  Naval  Air  Development  Center  and  the  Naval  Test  Pilot  School;  the 
Air  Force  Wright  Aeronautical  laboratories;  and  the  Federal  Aviation  Administration 
(FAA).  Manufacturers  have  been  involved  at  every  step.  A  version  oriented  at  LHX 
was  developed  and  adopted  by  AVSCOM  as  an  Airworthiness  Design  Standard  (ADS-33)  in 
December  1985.  This  standard  was  distributed  with  the  LHX  draft  request  for  pro¬ 
posals  in  1986.  Since  that  time,  efforts  have  been  made  to  expand  its  coverage  to 
other  types  of  helicopters  so  that  it  can  become  a  credible  generic  specification. 

The  purpose  of  this  report  is  to  review  these  Army/NASA  efforts  in  rotorcraft 
handling  qualities.  First,  the  development  of  major  ground  and  flight-research 
facilities  is  described;  then  ground-based  and  flight-based  research  are  reviewed. 
The  ground  and  flight  research  sections  are  divided  into  two  parts:  tasks  conducted 
in  VMC  and  tasks  conducted  in  instrument  meteorological  conditions  (IMC)  or  in  night 
conditions  for  which  displays  and  vision  aids  play  a  large  role.  Finally,  the 
status  of  these  efforts  in  providing  a  data  base  for  the  specification  is  assessed, 
and  recommendations  for  future  rotorcraft  handling-qualities  research  are  provided. 
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GROUND-BASED  AND  IN-FLIGHT  SIMULATION  FACILITIES 


Ground-Based  Simulation  Facilities 

In  order  to  conduct  handling-qualities  research  in  an  efficient  and  safe  man¬ 
ner,  a  necessary  element  in  the  approach  to  that  research  is  the  use  of  ground- 
simulation  facilities.  These  facilities  can  be  very  productive  sources  of  handling- 
qualities  data,  and  their  use  is  mandatory  for  investigations  of  handling  qualities 
under  hazardous  conditions  such  as  exist  at  night,  during  adverse  weather,  or  with 
equipment  failures.  However,  the  validity  of  these  data  is  heavily  dependent  on  the 
fidelity  of  the  various  components  of  the  simulation  environment,  including  the 
vehicle  mathematical  model,  the  system  used  to  provide  the  visual  cues  from  the 
outside  world,  and  the  cockpit  motion  simulation. 

Over  the  past  decade,  a  significant  number  of  rotorcraft  handling-qualities 
investigations,  many  of  which  are  summarized  herein,  have  been  conducted  using  the 
Ames  ground-simulation  facilities.  The  requirements  for  these  and  other  research 
programs  have  provided  the  impetus  for  continuing  improvements  in  the  piloted  simu¬ 
lation  capabilities  at  Ames.  This  capability  to  perform  rotorcraft  simulation  has 
progressed  from  the  use  of  fixed-base  facilities  with  limited  f ield-of-view,  low- 
resolution,  camera-and-terrain  board  visual  systems  to  simulators  with  limited 
cockpit  motion  capabilities  and  later  to  large-amplitude,  moving-base  simulators 
with  wide  f ield-of-view,  high-resolution,  computer-generated  visual  displays.  This 
progression  is  illustrated  by  the  following  summary  of  the  attributes  of  three  of 
the  major  Ames  moving-base  simulator  facilities  which  have  been  heavily  utilized  in 
rotorcraft  handling-qualities  experimental  research  programs.  A  more  detailed 
discussion  of  rotorcraft  simulation  technology  at  Ames  is  contained  in  reference  3. 

The  Six-Degree-of-Freedom  Motion  Simulator  (fig.  2)  became  operational  in 
1964,  Although  the  translational  motion  of  this  facility  is  limited  to  an  l8-ft 
cube,  it  is  an  extremely  useful  tool  for  the  investigation  of  precision  hover  han¬ 
dling  qualities.  In  the  cab  configuration  illustrated  in  figure  2,  the  pilot  is 
provided  with  real-world  visual  cues,  and  the  motion  system  is  set  up  to  reproduce 
the  actual  motions  of  the  simulated  aircraft  within  the  physical  limits  of  the 
motion  system.  Investigations  of  handling-qualities  requirements  for  hover  transla¬ 
tional  rate  command  systems  have  been  conducted  in  this  configuration.  Alterna¬ 
tively,  the  cab  may  be  covered,  the  motion  system  software  altered,  and  visual  cues 
provided  by  a  single,  black-and-white,  TV  monitor  (fig.  3).  This  cab  configuration 
was  used  in  an  investigation  of  control  and  display  requirements  for  a  night  and 
adverse  weather  attack  helicopter  mission.  In  this  experiment,  the  source  of  the 
visual  cues  was  a  camera-and-terrain  board  visual  system  suitable  for  NOE  flight 
simulation.  Superimposed  on  the  terrain  board  imagery  were  selectable  sets  of 
symbols  generated  by  a  computer  graphics  system. 

In  1969,  the  Flight  Simulator  for  Advanced  Aircraft  (FSAA)  became  operational 
(fig.  4).  This  facility  was  orginally  designed  for  fixed-wing  aircraft  research  and 
includes  a  capability  for  high-fidelity  lateral  motion  cueing  —  a  total  of  80  ft  — 
for  the  simulation  of  sideslip  during  landing  approach  or  engine  failure  during 
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takeoff.  Much  of  the  initial  work  on  NOE  handling  qualities  and  FAA  rotorcraft 
certification  requirements  for  IFR  flight  was  conducted  on  this  facility.  Fundamen-^ 
tal  limitations  of  the  FSAA  for  rotorcraft  research  simulations  were  the  restricted 
field  of  view  associated  with  the  simulator  visual  system  —  approximately  34® 
by  48°  —  and  the  limited  fidelity  of  the  vertical  motion  cueing  caused  by  the  8  ft 
of  available  vertical  travel. 

As  a  direct  result  of  the  burgeoning  requirements  for  improved-fidelity  rotor¬ 
craft  simulations,  the  Vertical  Motion  Simulator  (VMS)  was  designed  and  developed 
(fig.  5).  Its  60  ft  of  available  vertical  travel  allows  an  extremely  high  level  of 
fidelity  in  vertical  motion  cueing.  By  rotating  the  cab  about  its  vertical  axis, 
the  experimenter  may  tailor  the  motion  system  capabilities  in  the  longitudinal  and 
lateral  axes  to  his  own  requirements;  the  available  40  ft  of  travel  has  been  used  in 
the  lateral  axis  for  experiments  that  evaluate  the  use  of  sideslip  in  air  combat, 
for  example,  or  in  the  longitudinal  axis  for  investigations  in  areas  such  as  the 
potential  benefits  of  thrust-vector  control  for  NOE  flight.  In  addition,  a  wide- 
field-of-view,  four-window,  high-resolution,  computer-generated-imagery  system 
provides  a  significant  improvement  in  the  ability  to  supply  the  pilot  with  a  compel¬ 
ling  visual  environment.  One  of  the  four  visual  channels  may  be  used  to  represent 
the  view  from  an  independent  eye  point,  thus  allowing  the  simulation  of  an  opponent 
aircraft  in  air  combat  or  the  representation  of  the  image  from  a  remote  sensor. 

Since  it  became  operational  in  1979,  the  VMS  has  supported  simulations  of  rotorcraft 
such  as  the  UH-60  Black  Hawk,  the  Rotor  Systems  Research  Aircraft,  the  XV- 15 
and  V-22  tilt-rotor  aircraft,  and  the  X-Wing.  Simulated  mission  tasks  include  NOE 
flight,  touchdown  autorotations,  shipboard  landings,  landing  approaches  to  oil  rigs, 
terrain-following/terrain-avoidance,  and  helicopter  air  combat. 

Although  marked  improvements  have  been  made  in  the  ability  to  simulate  rotor¬ 
craft  flight  in  the  near-Earth  environment,  it  will  likely  never  be  economically 
feasible  to  duplicate  that  flight  environment.  Significant  simulation  deficiencies 
for  handling-qualities  research  still  exist.  These  shortcomings,  which  include 
items  such  as  visual  system  computational -time  delays  and  dynamic  mismatches  between 
simulated  and  real-world  motion  cues,  cast  some  doubt  on  the  absolute  validity  of 
handling-qualities  data  generated  solely  in  piloted  simulations  and  make  mandatory 
the  use  of  in-flight  simulation  using  variable-stability  rotorcraft  to  verify  the 
simulation  results.  In  addition,  these  research  aircraft  may  be  used  as  tools  to 
assist  in  the  efforts  to  improve  the  fidelity  of  rotorcraft  simulation.  Ground-  anc| 
in-flight  simulation,  therefore,  must  be  considered  as  integral  elements  of  experi¬ 
mental  handling-qualities  research. 


In-Flight  Simulation  Facilities 

For  experimental  handling-qualities  research,  the  validation  of  results  from 
ground-based  facilities  in  the  actual  flight  environment  is  considered  to  be  of 
fundamental  importance.  This  requirement  implies,  for  generic  research  not  tied  to 
a  specific  vehicle,  that  a  flight  facility  with  variable  stability,  control,  and 
display  capabilities  be  developed  and  used  as  an  integral  research  tool.  This  need 
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has  been  filled  for  the  NASA/Army  handling-qualities  research  primarily  by  two  vehi¬ 
cles:  the  modified  UH-1H  and  the  modified  CH-47B  helicopters. 

The  UH-1H  helicopter  was  modified  to  provide  an  in-flight  simulation  capability 
by  adding  an  avionics  system  called  VSTOLAMD  (fig.  6).  The  system  provides  inte¬ 
grated  navigation,  guidance,  display,  and  control  functions  through  two  flight 
digital  computers;  it  may  be  operated  with  or  without  flight-director  commands,  in 
the  modes  of  manual,  control-stick  steering  (CSS),  autopilot,  or  research.  A  block 
diagram  of  the  system  components  is  shown  in  figure  7;  a  more  complete  description 
of  the  system  capabilities  is  given  in  references  4  and  5. 

The  flight-control  portion  of  the  VSTOLAND  system  uses  a  combination  of  a  full- 
authority  parallel  servo  and  a  limited-authority  (20^  to  30^)  series  servo  in  each 
control  linkage.  In  addition,  disconnect  devices  exist  in  the  left  cyclic  controls 
to  allow  for  a  fly-by-wire  mode  through  this  research  cyclic  stick.  The  right 
stick,  or  safety  pilot  side,  retains  the  standard  UH-1H  cyclic  and  cockpit  instru¬ 
ments.  Handling-qualities  experiments  are  conducted  in  the  research  mode,  with  the 
software  providing  a  set  of  flight-control  laws  with  variable  gains.  A  schematic 
diagram  of  one  such  control-law  channel  is  shown  in  figure  8  to  illustrate  the 
operation  of  the  system. 

Although  suitable  for  generic  investigations  of  configurations  not  too  dissimi¬ 
lar  to  that  of  a  UH-1H,  the  VSTOLAMD  UH-1H  implementation  using  limited-authority 
series  servos,  in  combination  with  flight  envelope  restrictions  imposed  by  the 
teetering  rotor  system  and  control  authority  of  the  basic  machine,  resulted  in 
insufficient  research  flexibility  to  examine  a  broad  range  of  rotorcraft  flight- 
control  and  handling-qualities  issues.  Accordingly,  the  CH-47B,  orginally  modified 
for  the  TAGS  program  (ref.  6)  and  subsequently  used  by  NASA  Langley  for  terminal- 
area  investigations  (ref.  7),  was  further  modified  and  extended  for  NASA/Army 
handling-qualities  and  flight-control  research  at  Ames 

The  CH-47B  (fig.  9)  is  equipped  with  full-authority,  electrohydraulic  actuators 
in  each  of  the  four  control  axes:  differential  collective  (pitch),  lateral  cyclic 
(roll),  differential  lateral  cyclic  (yaw),  and  collective  (heave).  These  actuators 
receive  position  commands  generated  by  control  laws  that  are  programmed  in  on-board 
digital  and  analog  computers.  Their  output  motion  is  transmitted  to  the  flight- 
control  system  of  the  basic  CH-47B  through  electrohydraulic  rotary  clutches,  thereby 
causing  the  safety  pilot's  controls  to  move  in  parallel.  Downstream  from  these 
clutches  and  their  associated  mechanical  linkages,  there  are  essentially  no  modifi¬ 
cations  to  the  basic  flight-control  system  of  the  standard  production  CH-47B. 

Figure  10  shows  the  implementation  of  the  electronic  control  system  (ECS)  for  a 
typical  axis.  Electric  control  inputs  from  the  evaluation  pilot's  controls  (center- 
line  or  side-stick)  are  combined  in  the  flight  computers  with  data  from  the  motion 
sensors  to  generate  commands  to  the  parallel  ECS  actuators  that  drive  the  basic 
CH-47B  flight-control  system. 

The  various  controls,  displays,  sensors,  and  computers  that  make  up  the 
research  system  are  shown  schematically  in  figure  1 1 .  The  CH-47B  is  equipped  with  a 
Sperry  1819A  minicomputer;  a  Digital  Equipment  Corporation  PDF  11/73  microcomputer; 
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and  an  Electronic  Associates,  Inc.  TR-48  analog  computer.  To  support  instrument- 
flight  tasks  with  the  aircraft,  a  Sperry  Flight  Systems  color  electronic  attitude 
director  indicator  (EADI)  is  also  installed.  Finally,  unlike  the  UH-1H,  the  evalua¬ 
tion  pilot's  center  stick  has  been  modified  to  incorporate  a  programmable  artificial 
feel  and  trim  system  manufactured  by  the  Calspan  Corporation;  a  right-hand,  four- 
axis,  small-displacement  side-stick  controller  is  also  available  for  use  in  select¬ 
able  combinations  with  the  existing  conventional  collective  and  pedal  controllers. 

A  complete  description  of  the  facility  is  given  in  reference  8. 


GROUND-BASED  EXPERIMENTAL  RESEARCH 


Visual  Meteorological  Conditions 

The  major  initial  focus  of  the  rotorcraft  handling-qualities  research  performed 
by  NASA  and  the  Army  was  to  ascertain  requirements  for  near-terrain  and  NOE  flight 
in  visual  conditions.  The  need  for  these  new  requirements  resulted  from  evolving 
Army  doctrines  that  emphasize  low-level  flight  to  enhance  mission  survival  and 
effectiveness,  and  it  was  recognized  that  the  existing  data  base  was  entirely  inap¬ 
propriate  for  the  new  tasks  that  were  envisaged.  Accordingly,  a  series  of  analyses, 
piloted  ground-based  simulations,  and  flight  experiments  involving  terrain-flying 
tasks  and  low-altitude  tactical  missions  was  initiated. 

Studies  and  experiments  designed  to  examine  the  effect  of  aircraft  design 
parameters,  interaxis  coupling,  and  levels  of  stability  and  control  augmentation  on 
the  handling  qualities  and  man-machine  performance  of  the  low-level  flying  tasks  in 
VMC  were  performed  initially  to  provide  generic  design  information  (refs.  9-15). 

The  first  visual  terrain-flight  experiment  was  conducted  on  a  fixed-based 
simulator  to  explore  the  effects  on  the  handling  characteristics  of  basic  single- 
rotor  helicopters  of  large  variations  in  rotor  design  parameters,  such  as  flapping- 
hinge  offset,  flapping-hinge  restraint,  blade  inertia  (or  Lock  number),  and  pitch- 
flap  coupling  (ref.  9).  In  the  second  ground-based  simulation  experiment,  represen¬ 
tative  configurations  from  the  first  experiment  were  evaluated  on  a  moving-base 
simulator  (the  FSAA)  to  examine  the  effect  of  motion  cues  (ref.  10)  and  the  effects 
of  various  levels  of  stability  and  control  augmentation  (ref.  11).  A  more  sophisti¬ 
cated  stability  and  control  augmentation  system  (SCAS)  was  also  synthesized,  using 
linear  optimal  control  theory  to  meet  a  set  of  comprehensive  performance  criteria 
(ref.  12).  This  system,  designed  expressly  for  a  hingeless-rotor  helicopter,  was 
subsequently  evaluated  in  the  third  piloted  ground-simulator  experiment  on  the 
FSAA.  A  flight  experiment  (ref.  13)  was  conducted  on  the  variable-stability 
UH-1H/VST0LAND  helicopter  to  verify  some  selected  configurations  from  the  first  two 
ground  experiments,  to  explore  additional  configuration  variations,  and  to  investi¬ 
gate  the  effect  of  field  of  view  on  helicopter  handling  qualities  for  NOE  opera¬ 
tions.  To  relate  directly  some  of  the  results  of  these  handling  qualities  experi¬ 
ments  to  the  design  parameters  of  the  helicopter,  an  analytical  study  was  conducted 
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to  develop  a  design  rule  for  the  selection  of  some  primary  rotor  parameters  to 
decouple  the  longitudinal  and  lateral  motions  of  the  helicopter  (refs,  14,  15). 

Taken  together,  these  experiments  provide  a  significant  design  data  base  con¬ 
cerning  the  influence  of  basic  helicopter  characteristics  on  pilot  acceptance  of 
near-terrain  tasks.  For  example,  the  influence  of  coupling  from  the  collective 
control  into  pitch  and  yaw  is  illustrated  for  a  hingeless  rotor  helicopter  in  fig¬ 
ure  12;  the  importance  of  reducing  these  couplings  can  be  seen  by  the  improvement  of 
the  Cooper-Harper  ratings  (ref.  17)  to  "satisfactory"  as  the  couplings  are  reduced. 
Similar  results  were  obtained  from  experiments  concerning  pitch-roll  coupling 
resulting  from  aircraft  angular  rate.  In  particular,  a  criterion  with  respect  to 
the  ratio  of  the  roll  moment  caused  by  pitch  rate  to  that  caused  by  roll  rate  and 
design  procedures  to  minimize  this  coupling  were  developed.  Recent  studies  are 
expanding  this  information  to  include  limits  on  the  frequency  dependency  of  the 
coupling  (ref.  18). 

Following  this  initial  series  of  experiments  that  focused  on  design  parameters, 
more  specialized  experiments  were  directed  at  particular  responses  of  concern.  The 
effects  of  thrust-response  characteristics  on  rotorcraft  handling  qualities  have 
been  and  are  being  investigated  in  both  ground-  and  in-flight  simulation  programs  at 
Ames.  Thrust  response  to  the  pilot's  collective  inputs  is  a  complex  function  of 
engine-governor  dynamics,  rotor  inertia  effects  on  energy  stored  in  the  rotor, 
excess  thrust  available,  and  aircraft  vertical  damping.  A  multiphase  program  is 
being  conducted  to  study  these  effects  on  helicopter  handling  qualities  in  hover  and 
during  representative  low-speed  NOE  operations.  Three  moving-base  piloted  simula¬ 
tions  have  been  conducted  on  the  VMS  to  provide  critera  and  substantiating  data  for 
the  updated  MIL-H-8501  specification  (refs.  19,  20).  The  results  of  these  investi¬ 
gations  are  summarized  in  reference  21. 

Based  on  these  experimental  results,  the  proposed  vertical-axis  requirements 
include  criteria  for  the  time-constant  of  the  altitude  rate  response  to  collective 
input,  the  shape  of  that  same  response,  rotor  angular  speed  limits,  and  vertical 
control  power.  The  current  VMS  investigation  focuses  on  three  concerns  associated 
with  the  proposed  criteria:  (1)  conservative  vertical  damping  requirements, 

(2)  conservative  control  power  requirements,  and  (3)  the  effects  of  the  shape  of  the 
altitude-rate  time-response  to  a  collective  input.  Preliminary  results  indicate 
that,  when  the  pilot  has  sufficient  time  to  perform  a  bob-up  task,  satisfactory 
handling  qualities  are  achieved  with  very  low  values  of  vertical  damping  (fig.  13); 
results  from  a  dolphin  task  also  support  the  need  to  relax  the  proposed  boundaries. 
Similarly,  the  effects  of  low  values  of  control  power  are  only  apparent  when  the 
constraints  on  time  required  to  perform  the  maneuver  are  severe.  The  results  from 
the  investigation  of  the  effects  of  the  shape  of  the  alititude-rate  response  gen¬ 
erally  support  the  current  requirement  but  indicate  a  strong  dependence  on  the 
details  of  the  task  being  performed. 

Another  response-oriented  major  shortcoming  in  the  current  handling-qualities 
data  base  is  the  lack  of  roll-control  effectiveness  criteria.  This  fundamental 
requirement  has  a  major  effect  on  the  basic  design  of  a  helicopter.  Analyses  and 
two  VMS  simulations  have  been  conducted  to  determine  a  systematic  approach  to 
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specifying  roll-control  effectiveness  requirements  for  maneuvering  (ref.  22).  The 
results  of  this  program  showed  that  control  power  requirements  can  be  relaxed  for 
large-amplitude  maneuvers  such  as  are  required  in  air  combat,  and  that  satisfactory 
handling  qualities  are  obtained  when  a  sufficiently  large  margin  exists  between 
vehicle  performance  capability  and  the  requirements  of  the  task.  The  short-term 
roll  response  of  the  vehicle,  determined  by  rotor  stiffness  and  control-system 
characteristics  and  expressed  as  bandwidth,  has  a  significant  effect  on  handling 
qualities  and  performance;  this  effect  is  a  strong  function  of  task  demands 
(fig.  14). 

To  compensate  for  a  similar  lack  of  mission-oriented  handling-qualities  data,  a 
piloted  simulation  was  conducted  (ref.  23)  to  evaluate  the  effects  of  the  following 
on  the  handling-qualities  characteristics  of  various  generic  rotorcraft  configura¬ 
tions  including  tilt-rotor,  coaxial  rotor,  and  no-tail-rotor  designs:  (1)  mission 
task  requirements,  (2)  basic  yaw  sensitivity  and  damping,  and  (3)  directional  gust 
sensitivity.  The  results  of  the  experiment  indicate  that  rotorcraft  configurations 
with  high  directional  gust  sensitivity  require  more  yaw  damping  to  maintain  satis¬ 
factory  handling  qualities  during  NOE  tasks.  Both  yaw  damping  and  control-response 
characteristics  are  critical  parameters  in  determining  handling  qualities  for  an 
air-to-air  target-acquisition  and  tracking  task.  Loss  of  directional  control  can 
occur  at  low  airspeeds  under  certain  wind  conditions  in  which  yaw  damping  is  low  and 
gust  sensitivity  is  high. 

The  characteristics  of  the  controllers  to  effect  these  vehicle  responses  are 
also  important;  they  are  highlighted  by  the  recent  trend  toward  side-stick  control¬ 
lers  with  multi-axis  functions.  The  first  real  rotorcraft  application  of  these  new 
controllers  was  the  U.S.  Army's  Advanced  Digital/Optical  Control  System  (ADOCS) 
program.  For  this  program,  a  series  of  piloted  simulations  was  conducted  both  at 
the  Boeing  Vertol  facility  and  on  the  VMS  to  assess  the  interactive  effects  of  side- 
stick  controller  (SSC)  characteristics  and  stability  and  control  augmentation  on 
handling  qualities  (ref.  24).  An  initial  experiment  revealed  that  angular  rate 
stabilization  in  pitch  and  roll  was  sufficient  to  provide  satisfactory  handling 
qualities  when  a  two-axis  SSC  was  used  for  control  of  these  axes;  however,  when  a 
rigid  three-  or  four-axis  device  (which  added  directional  and  directional-plus- 
collective  control,  respectively  to  the  SSC)  was  used,  attitude  stabilization  was 
required  to  maintain  adequate  handling  qualities  (ref.  25).  These  results  were 
substantiated  and  expanded  upon  by  the  experiment  reported  in  reference  26,  which 
demonstrated  that  a  four-axis,  small-deflection  SSC  yielded  satisfactory  handling 
qualities  for  NOE  tasks  when  it  was  integrated  with  a  SCAS  that  incorporated  higher 
levels  of  augmentation;  however,  separated  controllers  were  required  to  maintain 
satisfactory  handling  qualities  for  the  more  demanding  control  tasks  or  when  reduced 
levels  of  stability  and  control  augmentation  were  provided  (fig.  15). 

A  summary  of  the  effects  of  SSC  characteristics  on  terrain  flight  handling 
qualities  based  primarily  on  the  ADOCS  results  is  contained  in  reference  27.  The 
general  approach  to  these  experiments  provided  the  basis  for  the  structure  of  the 
proposed  updated  version  of  MIL-H-8501  according  to  control-response  types.  In 
addition,  the  results  of  this  program  have  had  a  significant  effect  on  the  types  of 
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control  systems  and  cockpit  controllers  currently  being  developed  for  the  candidate 
LHX  designs  in  the  Advanced  Rotorcraft  Technology  Integration  program. 

Very  recently,  the  use  of  rotorcraft  in  the  air-to-air  combat  environment  has 
become  a  major  new  mission  requirement  for  future  vehicles.  To  define  handling- 
qualities  capabilities  that  are  necessary  for  this  new  role,  the  Army  and  NASA 
initiated  modifications  to  the  VMS  facility  that  would  permit  simulations  of  air-to- 
air  combat  in  the  near-terrain  environment,  with  good  duplication  of  both  visual  and 
motion  cues.  The  initial  experiment  emphasized  the  development  of  this  facility 
capability  and  included  an  initial  investigation  of  generic  influences  of  rotor  type 
and  stability/control  augmentation  (ref.  28). 

On  this  basis,  the  second  experiment  included  a  systematic  investigation  of 
maneuvering  envelope  size  (normal  load  factor,  sideslip)  and  directional  axis 
dynamics,  using  a  simplified  generic  helicopter  model  (ref.  29).  Figure  16  illus¬ 
trates  the  aggregate  use  of  sideslip  and  normal  acceleration  envelopes  in  this 
experiment  for  three  levels:  one  representative  of  an  AH-1,  one  of  a  UH-60,  and  one 
expanded  for  a  projected  new  helicopter  LHX.  These  results  indicate  that  a  lower 
load-factor  limit  of  -0.5  g  may  be  adequate — a  value  lower  than  -1.0  g  was  never 
achieved.  One  design  implication,  of  course,  is  that  rotor  systems  that  do  not 
permit  any  negative  g  are  not  suitable  for  this  role.  In  addition,  maximum  load 
factors  greater  than  that  achievable  with  present  helicopter  designs  were  often  used 
by  the  pilots,  and  the  limits  presented  to  the  pilot  were  at  times  exceeded  for  all 
of  the  configurations.  Automatic  envelope  limiting  may  be  required  to  use  an 
expanded  capability  successfully.  It  was  also  found  that  the  most  successful  pilots 
used  aircraft  sideslip  performance  to  signficant  advantage,  with  an  evelope  repre¬ 
sentative  of  current  utility  helicopters  being  adequate;  a  potential  trade-off  of 
this  characteristic  with  a  turreted  gun  will  be  examined  in  an  upcoming  experiment. 

In  addition  to  experiments  aimed  at  defining  specific  handling-qualities  char¬ 
acteristics,  such  as  those  described  above,  more  general  investigations  have  been 
conducted  which  both  exploit  and  examine  the  ability  of  ground  simulation  to  address 
questions  that  might  be  difficult  to  deal  with  in  flight.  One  example  is  the  study 
of  autorotation  requirements  and  the  simulator  capabilities  required  to  investigate 
this  flight  phase  (ref.  30).  Among  the  variables  considered  in  the  experiment  was 
the  level  of  vertical-motion  cueing  being  provided  in  the  simulation;  four  values 
ranging  from  fixed-base  up  to  the  full  ability  of  the  VMS  were  investigated. 

Figure  17  shows  representative  plots  of  collective  control  use  as  a  function  of 
allowable  vertical-axis  travel  for  one  pilot.  In  general,  this  pilot  exercised  the 
proper  control  technique  with  the  full  VMS  motion.  As  the  motion  performance 
degraded,  the  pilot's  collective  technique  changed.  Many  landing  flares  with 
degraded  motion  performance  showed  signs  of  ballooning,  stair-stepping,  and  overcon¬ 
trol  in  the  collective  time-histories.  Not  all  pilots  were  so  affected,  and  even 
with  full  VMS  motion,  some  pilots  would  show  some  of  the  poor  control  techniques 
illustrated  in  figure  17.  However,  the  trend  shown  did  occur  for  several  pilots. 

It  is  suggested  that,  when  the  control  technique  used  in  the  simulator  is  signifi¬ 
cantly  different  from  that  used  in  flight,  confidence  in  simulator-based  research 
results  or  in  flight-training  transfer  is  reduced. 
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The  issues  of  transfer  of  training  also  become  important  in  the  new  environment 
of  single-pilot  operations  in  high  workload  environments.  With  the  exception  of 
research  for  single-pilot  IFR  in  the  civil/FAA  context  (to  be  reviewed  later  in  this 
paper),  single-crew  concepts  had  not  been  considered  in  helicopter  flight-control 
research.  However,  the  advent  of  the  Army's  desire  for  a  single-crew  scout/attack 
helicopter  called  Light  Helicopter  Family  (LHX)  puts  more  emphasis  on  single-crew 
workload.  In  such  a  situation,  the  pilot  has  to  not  only  control  the  flight  path  of 
the  rotorcraft  but  also  perform  innumerable  other  tasks  associated  with  navigation, 
communications,  and  threat  avoidance  or  attack.  Two  experiments.  Single  Pilot 
Advanced  Cockpit  Engineering  Simulation  (SPACES  I  and  II),  were  performed  on  the  VMS 
to  investigate  these  effects  (ref.  31).  The  objective  was  to  determine  the  SCAS 
configuration  that,  when  combined  with  appropriate  cockpit  displays  and  controls, 
would  allow  adequate  mission  performance. 

The  simulation  used  a  highly  integrated  glass  cockpit  with  helmet-mounted 
displays,  multi-axis  side-stick  controllers,  voice  input/output  (I/O)  systems, 
moving  map  displays,  programmable  switching,  sophisticated  sensors  and  detectors, 
and  limited  artificial  intelligence  (expert  systems)  to  improve  pilot-vehicle 
performance. 

These  tests  showed  that  superimposing  the  mission  management  tasks  on  flight- 
path  management  tasks  results  in  degraded  handling  qualities.  Of  the  configurations 
investigated,  only  the  SCAS  with  heading,  altitude  and  airspeed  hold,  plus  turn 
coordination  was  rated  satisfactory  (Level  1)  by  Army  test  pilots  for  single-pilot 
NOE  flight  operation  at  tested  conditions.  Each  axis  was  augmented  sufficiently  so 
that  attention  to  flight-path  tasks  could  be  reduced,  allowing  additional  time  for 
accomplishment  of  mission  management  tasks. 

For  two  reasons,  the  pilots  considered  altitude  hold  to  be  the  single  most 
important  feature  in  NOE  flight:  (1)  it  allowed  the  pilot  to  use  his  left  hand  for 
mission  management  tasks,  and  (2)  it  provided  terrain  avoidance  when  the  pilot  could 
not  constantly  monitor  altitude  because  of  other  duties. 


Instrument  Meteorological  Conditions 

The  requirement  that  rotorcraft  operations  be  conducted  at  night  and  under 
other  conditions  of  limited  visibility  has  given  impetus  to  research  programs 
designed  to  investigate  the  interactive  effects  of  vision  aids  and  displays  on 
handling  qualities. 

In  a  program  conducted  to  support  the  development  of  the  Advanced  Attack  Heli¬ 
copter  (AAH),  various  levels  of  stability  and  control  augmentation  together  with 
variations  in  the  format  and  dynamics  of  the  symbols  provided  on  the  Pilot  Night 
Vision  System  (PNVS)  (fig.  18)  were  investigated  in  a  piloted  simulation 
(ref.  32).  It  was  found  that  the  handling  qualities  of  the  baseline  control-display 
system  were  unsatisfactory  and  required  improvement;  recommendations  for  alterations 
to  the  PNVS  symbol  dynamics  and  the  implementation  of  a  velocity -command  system  for 
a  hover/bob-up/weapon-delivery  task  were  made  to  the  Army  AAH  program  manager.  The 
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velocity -command  type  of  control  system  was  subsequently  incorporated  into  the  AH-64 
flight-control  systems  as  a  selectable  hover  augmentation  system.  The  approach 
taken  in  the  design  of  this  experiment  heavily  influenced  the  methods  used  in  the 
ADOCS  simulator  investigations  and  the  structure  of  the  control  laws  designed  and 
investigated  in  those  experiments. 

An  investigation  involving  the  simulation  of  a  less  complex  night  vision  aid 
was  conducted  to  support  the  Army  Helicopter  Improvement  Program  (AHIP)  (ref.  33). 

In  that  simulation,  the  effects  of  presenting  the  PNVS  flight  symbols  on  a  panel- 
mounted  display  (PMD)  versus  a  head-up  display  (HUD)  were  compared  for  a  nighttime 
scout  helicopter  mission  in  which  the  pilot  was  provided  with  night-vision  goggles. 
As  a  consequence  of  the  experimental  results,  the  0H-58D  now  includes  a  pilot's  HUD 
which  provides  information  complementary  to  that  which  is  available  on  the  instru¬ 
ment  panel . 

The  state-of-the-art  night-vision  system  for  combat  helicopters  includes  a 
visually  coupled  helmet-mounted  display  of  infrared  imagery  and  superimposed  sym¬ 
bols:  the  Integrated  Helmet  and  Display  Sight  System  (IHADSS)  (fig.  19).  This 
system  was  used  in  two  simulator  investigations  designed  to  assess  the  effects  of 
reduced  visibility  conditions  on  the  ADOCS  visual  flight  simulation  results  cited 
previously  (refs.  34,  35).  Significant  degradations  in  handling  qualities  occurred 
for  most  tasks  flown  with  the  IHADSS  relative  to  the  identical  tasks  flown  under 
visual  flight  conditions  (fig.  20).  In  general,  higher  levels  of  stability  augmen¬ 
tation  were  required  to  achieve  handling  qualities  comparable  to  those  achieved  for 
the  visual  flight  tasks. 

These  simulation  results  have  substantiated  the  highly  interactive  effects  of 
vision-aid/display  characteristics  and  control-response  types  on  handling  qualities 
requirements  under  IMC.  In  recognition  of  these  effects,  the  proposed  update  to 
MIL-H-8501  incorporates  a  scheme  for  determining  required  control-response  types 
based,  in  part,  on  the  type  and  quality  of  the  visual  cues  available  to  the  pilot 
from  vision  aids  and  displays  during  IMC  missions. 

Research  has  also  been  conducted  to  ascertain  IFR  approach  requirements  for 
helicopters  operating  with  simpler  SCAS  and  display  systems.  This  work  has  been 
aimed  at  both  military  and  civilian  instrument  operating  conditions  and  was  per¬ 
formed  as  part  of  a  joint  MASA/FAA/CAA  program.  Six  experiments  were  conducted; 
they  had  the  following  general  objectives: 

1.  First  experiment  (ground  simulation,  ref.  36):  develop  generic  models  of 
current  helicopters  having  three  different  rotor  types;  explore  SCAS  concepts  and 
influence  of  longitudinal  static  stability;  and  determine  relative  influence  of  IFR 
compared  with  VFR  approaches. 

2.  Second  experiment  (ground  simulation,  refs.  36,  37):  determine  suitability 
of  requirements  on  cockpit  control  position;  examine  efficacy  of  several  SCAS  con¬ 
cepts;  and  explore  influence  of  turbulence. 
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3.  Third  experiment  (ground  simulation,  ref.  38):  determine  influence  of 
crew-loading  (single  pilot  versus  dual  pilot);  determine  influence  of  three-cue 
flight  director  displays;  and  examine  suitability  of  additional  SCAS  concepts. 

4.  Fourth  experiment  (flight,  ref.  39):  validate  selected  results  of  ground- 
simulation  experiments  in  flight  concerning  static  longitudinal  stability,  level  of 
SCAS,  and  flight  director  displays. 

5.  Fifth  experiment  (ground  simulation,  ref.  40):  examine  influences  of 
unstable  static  control  gradients,  angle-of-attack  stability,  and  pitch-speed  cou¬ 
pling;  and  examine  influence  of  failed  SCAS. 

6.  Sixth  experiment  (ground  simulation,  ref.  41):  investigate  SCAS  require¬ 
ments  for  decelerating  instrument  approach;  explore  influence  of  electronic  display 
format;  and  examine  influence  of  approach  geometry  and  deceleration  profile. 

One  set  of  results  from  these  experiments  is  shown  in  figure  21,  which  compares 
Cooper-Harper  ratings  for  similar  stability  and  control  characteristics  and  displays 
as  a  function  of  the  task  considered.  It  should  be  noted  in  particular  that  the 
difference  between  the  dual-pilot  and  single-pilot  task  considered  in  experiment  3 
resulted  in  a  change  of  almost  one  pilot  rating,  justifying,  in  principle,  a  divi¬ 
sion  of  criteria  depending  on  crew-loading.  It  may  also  be  seen  that  a  decelerating 
instrument  approach  leads  to  a  reduced  capability  relative  to  constant-speed 
approaches;  however,  the  use  of  appropriate  augmentation  and  flight  director  dis¬ 
plays  still  permits  clearly  adequate  pilot  ratings,  with  desired  performance  attain¬ 
able.  The  results  of  this  series  of  experiments  have  recently  formed  the  basis  for 
an  FAA  Notice  of  Proposed  Rulemaking  (ref.  42)  in  which  the  IFR  criteria  are  modi¬ 
fied  to  allow  decelerating  approaches. 

Terminal-area  research  was  also  extended  to  the  case  of  rotorcraft  with  a 
thrust-vectoring  capability — specifically,  tilt-rotors  (ref.  43).  This  class  of 
vehicles  introduces  a  variety  of  additional  operational  and  handling-qualities 
concerns  to  the  terminal-area  problem,  revolving  primarily  around  the  change  from 
aerodynamic  to  thrust-supported  lift,  or  vice  versa,  and  the  effect  of  combinations 
of  speed,  descent  angle,  and  thrust-vector  angle  (conversion  corridor)  during  the 
conversion.  In  the  experiment,  variations  in  the  conversion-corridor,  handling- 
qualities  coupling,  and  levels  of  SCAS  and  display  assistance  given  to  the  pilot, 
were  examined. 

Some  of  the  results  are  shown  in  figure  22,  which  illustrates  the  influence  of 
visual  conditions,  SCAS  type,  and  conversion  procedure  on  Cooper-Harper  pilot  rat¬ 
ings.  On  the  basis  of  these  results,  the  general  influence  of  the  conversion  pro¬ 
file  is  as  follows.  Performing  all  the  conversion  before  glide-slope  acquisition 
(profile  A)  led  to  nearly  desired  performance  when  an  attitude  SCAS  was  implemented 
and  to  a  clearly  adequate  capability  with  a  rate  SCAS;  this  method,  which  allows 
glide-slope  tracking  in  a  fixed  configuration,  shows  results  that  are  generally 
consistent  with  those  for  helicopters.  Performing  part  of  the  conversion  before 
acquiring  the  glide-slope  and  part  after  acquiring  it  (profile  B)  led  to  degraded 
pilot  ratings  for  instrument  approaches,  particularly  with  the  rate  SCAS.  This 
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degradation  was  due  primarily  to  conversion-induced  pitch  and  heave  coupling.  The 
advantage  of  performing  part  of  the  conversion  early  in  the  approach,  allowed  more 
time  at  a  fixed  configuration  to  get  stabilized  before  breakout.  Finally,  perform¬ 
ing  all  conversion  while  descending  on  the  glide  shope  (profile  C)  was  considered 
adequate  in  visual  flight  but  marginally  inadequate  on  instruments;  there  was  little 
benefit  from  the  attitude  SCAS  for  instrument  approaches.  These  results  indicate 
the  need  for  additional  assistance  in  augmentation  or  display  sophistication  or  both 
for  a  task  in  which  the  aircraft  configuration  is  continually  varying  during  a 
crucial  period. 


FLIGHT-BASED  EXPERIMENTAL  RESEARCH 


The  use  of  ground-simulation  facilities  affords  a  significant  capability  to 
examine  efficiently  a  wide  variety  of  handling-qualities  problems,  and  the  improved 
motion  and  visual  cueing  devices  used  in  the  NASA  simulation  facilities,  as  dis¬ 
cussed  earlier,  provide  reasonably  high  fidelity  for  several  types  of  rotorcraft 
missions.  Nonetheless,  a  fundamental  requirement  exists  to  validate  simulator 
results  in  the  flight  environment,  and  a  basic  precept  of  the  NASA/Army  handling- 
qualities  research  program  has  been  to  conduct  selected  research  experiments  in 
flight. 

Both  of  the  extensive  series  of  experiments  discussed  earlier  investigating 
basic  handling-qualities  parameters  in  visual  flight  for  near-terrain  missions  and 
control  and  display  parameters  for  instrument  operations  in  the  terminal  area 
included  one  flight-validation  experiment  using  the  UH-1H  (refs.  44,  45).  In  the 
near-terrain  experiment,  the  flight  investigation  concentrated  on  validating  the 
influences  of  roll  damping  and  control  sensitivity  for  a  slalom  task.  Figure  23 
compares  these  flight  results  (labeled  EXP  IV)  with  ground  simulation.  Because  of 
the  limited  inherent  capability  of  the  VSTOLAND  UH~1H,  the  flight  results  are 
limited  to  one  value  of  control  sensivitity  and  a  small  range  of  damping.  Nonethe¬ 
less,  the  correspondence  of  flight  and  simulator  data  is  generally  good  for  this 
specific  task.  Similarly,  figure  24  compares  results  from  the  flight-validation 
experiment  (experiment  4)  with  ground-simulation  data  for  the  helicopter  IFR  pro¬ 
gram.  Again,  the  correspondence  is  good  for  this  task,  particularly  since  one  of 
the  simulated  configurations  had  baseline  characteristics  similar  to  those  of  the 
UH-1H  (experiments  3,  5).  For  both  of  these  relatively  benign  tasks,  therefore,  the 
flight  experiments  provided  the  validation  necessary  to  extend  the  confidence  region 
for  the  ground-simulation  data. 

As  the  demand  for  more  capability  from  the  helicopter/pilot  system  increases, 
however,  limitations  in  simulator  fidelity  become  of  more  concern,  and  the  appropri¬ 
ateness  of  the  UH-1H  VSTOLAND  as  a  valid  flight  research  capability  becomes  limited 
because  of  the  rotor  design  and  the  controls  implementation.  To  address  these 
concerns  with  flight  validation,  it  has  been  necessary  to  use  helicopters  from  other 
research  facilities,  as  well  as  the  NASA/Army  CH-47B. 
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An  initial  example  of  the  use  of  other  facilities  for  flight  validation  of  the 
NOE  research  was  a  collaborative  effort  with  the  German  Aerospace  Research  Estab¬ 
lishment  (DFVLR)  Institute  for  Flight  Mechanics,  which  was  conducted  under  the 
auspices  of  a  memorandum  of  understanding  between  the  U.S.  Army  and  the  German 
Ministry  of  Defense.  In  this  experiment,  unmodified  UH-1D  and  BO-105  helicopters 
were  flown  over  WOE  slalom  courses  to  assess  the  effects  on  handling  qualities  of 
basic  rotor  characteristics  for  this  task  and  to  provide  correlation  for  the  UH-1H 
VSTOLAND  experiment  results  obtained  previously  (ref.  44).  •  This  flight  program, 
documented  in  reference  45,  demonstrated  the  superiority  of  the  basic  hingeless 
rotor  system  of  the  BO- 105  when  the  task  "bandwidth"  was  increased,  thereby  indicat¬ 
ing  the  bounds  of  usefulness  of  the  UH-1H  VSTOLAND  results.  One  outgrowth  of  this 
collaborative  effort  has  been  the  development,  in  Germany,  of  a  variable-stability 
BO-105  helicopter  to  provide  a  practical  flight  research  platform  for  the  more 
demanding  tasks  that  are  representative  of  current  helicopter  mission  requirements. 

Another  in-flight  simualtion  facility  is  the  Bell  205  operated  by  the  National 
Aeronautical  Establishment  (NAE)  of  Canada.  This  facility  is  described  in  refer¬ 
ence  46,  and  a  summary  of  much  of  the  handling-qualities  research  performed  under 
contract  to  the  Army  is  contained  in  reference  47.  References  48  and  49  discuss 
some  detailed  results.  One  of  the  major  issues  of  concern  is  that,  for  some  tasks, 
such  as  precision  hover,  the  ground-simulator  results  predict  more  stringent 
control-system  requirements  than  are  observed  in  flight.  Figure  25  (from  ref.  46) 
illustrates  some  preliminary  results  concerning  this  discrepancy.  As  can  be  seen, 
pitch/roll  bandwidths  of  the  order  of  3.0  rad/sec  were  predicted  to  be  required  to 
achieve  Cooper-Harper  pilot  ratings  in  the  Level  1  region  from  VMS  results,  whereas 
an  equivalent  level  of  acceptability  was  found  in  the  Bell  205  in-flight  simulator 
for  a  bandwidth  of  only  2.0  rad/sec.  Similar  discrepancies  appear  to  occur  for 
vertical-axis  dynamic  characteristics  (ref.  48).  It  is  emphasized  that  some  of 
these  results  are  still  preliminary;  nonetheless,  it  is  of  fundamental  importance  to 
understanding  the  underlying  reasons,  and  current  research  is  beginning  to  address 
this  problem  (e.g.,  ref.  49).  Clearly,  it  is  also  of  fundamental  importance  to  have 
an  in-flight  simulation  capability  as  the  research  facility  for  use  when  ground- 
simulation  data  are  suspect. 

To  assist  in  this  regard,  the  NASA/Army  CH-47B  is  currently  used  to  provide 
flight  validation  of  selected  ground-simulation  results.  This  aircraft  serves  as  a 
complementary  facility  to  the  NAE  Bell  205  and  affords  the  capability  of  back-to- 
back  comparisons  with  ground-simulation  experiments  conducted  at  the  Ames  facili¬ 
ties.  Reference  50  describes  a  recent  experiment  to  extend  previous  VTOL  ground  and 
flight-simulation  results  to  the  helicopter  bob-up  task;  in  addition,  previous 
simulation  helicopter  bob-up  configurations  were  implemented  for  flight  evaluation. 
Figure  26  illustrates  the  comparison  of  flight  and  simulation  results  for  different 
simulated  engine-governor  response  characteristics.  In  general,  the  flight  results 
yielded  slightly  improved  pilot  ratings  as  compared  with  those  of  the  ground  simula¬ 
tor,  although  the  differences  are  not  significant  and  are  within  expected  rating 
scatter.  The  one  large  difference  that  occurs  with  the  slow  engine-governor  indi¬ 
cates  a  possible  unrealistic  requirement  for  rpm  monitoring  present  in  the  ground 
simulation. 
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Both  the  Bell  205  and  the  CH-47B  flight  results  have  had  major  effects  on  draft 
versions  of  the  revised  handling-qualities  specification  because  of  the  reduced 
system  requirements  for  a  given  level  of  pilot  acceptance.  Neither  of  these  air¬ 
craft,  however,  has  sufficient  inherent  levels  of  agility  and  maneuverability  to 
address  properly  new  tasks  consistent  with  more  demanding  missions  such  as  air-to- 
air  combat.  In  addition,  although  they  both  incorporate  some  form  of  head-down 
electronic  display,  neither  is  currently  equipped  to  examine  the  interaction  of 
visually  coupled  (e.g.,  helmet-mounted)  displays  with  various  aircraft  stability  and 
control  characteristics.  For  these  new  in-flight  investigations,  it  will  be  neces¬ 
sary  to  develop  a  new  rotorcraft  in-flight  simulator  with  increased  agility  and 
maneuverab i 1 i ty . 


RESEARCH  CHALLENGES 


One  measure  of  the  success  of  the  Army/NASA  rotorcraft  handling-qualities 
efforts  reviewed  in  the  previous  sections  is  the  level  of  completeness  of  the  pro¬ 
posed  MIL-H-8501  (ref.  51),  because  the  generation  of  this  specification  has  been 
based  largely  on  these  results.  Although  the  specification  structure  follows  the 
philosophy  generated  for  MIL-F-8785B  and  C,  and  used  in  MIL-F-83300,  the  details  of 
the  requirements  are  considerably  different,  many  of  the  methods  of  specifying  the 
requirements  are  different,  and  several  innovations  have  been  introduced.  Most 
notable  of  these  is  the  attempt  to  recognize  and  accommodate  the  effects  of  degraded 
visual  cues  resulting  from  using  displays  and  vision  aids  at  night  and  in  poor 
weather;  the  specification  requires  different  response  types  and  different  response 
bandwidths  for  near-Earth  tasks  in  degraded  visual  cues. 

The  heart  of  the  specification,  of  course,  is  the  adequacy  of  the  quantitative 
requirements.  The  specification  is  based  largely  on  data  from  Army /NASA  rotorcraft 
program  experiments  and  from  several  programs  of  international  collaboration  at  the 
NAE  of  Canada,  the  DFVLR,  and  the  British  Royal  Aircraft  Establishment.  Currently, 
there  are  still  many  topics  that  have  not  been  addressed  because  of  a  lack  of  data. 
In  addition,  some  of  the  requirements  rely  on  data  that  were  generated  on  ground- 
based  simulators  with  no  flight  validation.  Because  the  magnitude  of  the  task  of 
generating  the  needed  handling-qualities  data  is  so  large  (fig.  27),  full  use  must 
be  made  of  ground-based  simulators  to  do  the  broad  parameter  investigations.  How¬ 
ever,  despite  considerable  investment  in  simulation  facilities  by  NASA  and  the  Army 
(refs.  52-54),  the  fidelity  of  current  ground-based  simulation  for  helicopter 
research  in  the  region  of  low  speed  and  hover  limits  the  confidence  with  which 
quantitative  handling-qualities  boundaries  can  be  developed.  The  predicted  trends 
are  usually  representative,  but  because  of  sensory  cue  deprivation,  the  simulator 
often  predicts  worse  handling  qualities  than  exist  in  flight. 

Figure  28  an  example.  It  is  suspected  that  t|ae  visual  systems  are  to  blame  for 
deficiencies  during  small -amplitude  maneuvering  and  that  the  limited-motion  systems 
are  the  major  contributors  in  more  aggressive  tasks.  Unfortunately,  though  several 
efforts  have  been  made  to  come  to  grips  with  this  problem  (refs.  49,  55-58),  those 
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studies  have  so  far  been  unsuccessful,  and  currently  there  is  no  focused  research 
effort  to  determine  the  basic  requirements  for  an  acceptable  simulation  of  the  low- 
speed  and  hover  flight  regimes. 

Work  needs  to  be  performed  on  both  the  engineering  fidelity,  the  primary  ingre¬ 
dient  of  which  is  the  mathematical  model  representing  the  rotorcraft,  and  the  per¬ 
ceptual  fidelity,  the  primary  contributors  to  which  are  the  visual  and  motion  cues. 
Methods  have  to  be  developed  for  systematically  assessing  simulation  fidelity  and 
for  improving  deficient  aspects.  A  major  contribution  toward  improving  engineering 
fidelity  could  be  made  by  improving  the  interactional  aerodynamic  prediction  methods 
which  would  result  in  improved  simulation  mathematical  models.  Better  low-altitude 
atmospheric  disturbance  models  are  also  required. 

Although  much  can  be  achieved  with  ground-based  simulators,  for  the  foreseeable 
future  there  will  still  be  a  need  for  flight  verification.  Although  some  flight 
verification  can  be  obtained  by  comparison  with  existing  aircraft,  there  is  a  need 
for  an  in-flight  simulator,  or  variable-stability  rotorcraft,  so  that  parameters  can 
be  varied  systematically  for  a  range  of  tasks  and  for  new  configurations  as  they 
evolve.  Aside  from  the  CH-47  variable-stability  research  helicopter  at  Ames 
Research  Center,  which  is  not  agile  enough  and  will  have  to  be  returned  to  the  Army 
in  1988,  there  is  no  in-flight  rotorcraft  simulator  available  for  basic  research  in 
the  United  States. 

Because  advances  in  ground-based  and  in-flight  simulation  tools  benefit  the 
designer  also,  all  four  major  helicopter  manufacturers  have,  or  are  developing, 
extensive  helicopter  simulator  facilities  as  part  of  their  Light  Helicopter  Family 
(LHX)  pre-design  efforts.  They  will  be  faced  with  the  same  problems  of  simulation 
validation  that  exist  in  the  government.  They  need  improvements  in  simulator  fidel¬ 
ity  to  be  able  to  use  them  as  credible  design  tools.  Training  simulators  suffer 
from  similar  problems.  Both  Black  Hawk  and  Apache  training  simulators  are  known  to 
have  deficiencies  that  can  induce  a  negative  transfer  of  training. 

Some  of  the  topics  that  need  more  work  are  listed  in  table  2.  Some  have  not 
been  addressed  at  all;  for  example,  slung  loads,  response  to  upsets  as  distinguished 
from  response  to  control,  multi-mode  control  blending  and  nonlinear  control  charac¬ 
teristics,  and  digital  implementation  of  high-gain  stability  and  control  augmenta¬ 
tion  systems.  Of  the  topics  that  have  been  addressed,  and  for  which  data  are  docu¬ 
mented  in  the  Background  Information  and  Users'  Guide  (BIUG),  are  side-stick  con¬ 
trollers,  cross-coupling,  and  thrust-response  dynamics  and  margins.  The  topics  that 
need  more  work  are  broad-based  and  pervade  the  whole  specification;  for  example,  the 
effects  of  visual-cue  degradation  and  the  mission  task  element  definition  and  per¬ 
formance  benefits.  Another  class  of  topics  needing  work  has  to  do  with  specific 
missions  such  as  air-to-air  combat;  these  Include  the  uses  of  thrust-vectoring  and 
maneuver  envelope  enhancement. 
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CONCLUSION 


The  foregoing  reflects  the  dynamic  character  of  rotorcraft  technology.  As  the 
vehicle  capabilities  evolve,  the  mission  complexity  increases.  When  MIL-H-8501  was 
generated  (1961  revision),  helicopters  were  underpowered,  unstable,  and  used  sedate 
maneuvering  in  VMC.  When  the  current  Army /NASA  research  efforts  to  review  this 
specification  started  (1975),  the  doctrine  of  NOE  flying  had  evolved,  with  the 
concurrent  need  for  high  agility  and  maneuverability  close  to  the  ground.  This 
requirement  later  evolved  into  NOE  flight  at  night  and  in  poor  weather,  thus  bring¬ 
ing  in  different  handling-qualities  considerations.  The  latest  evolving  rotorcraft 
mission  is  that  of  air-to-air  combat  (1986).  This  mission  raises  agility  and  maneu¬ 
verability  needs  and  is  clearly  dominated  by  handling-qualities  considerations. 
However,  for  certain  mission  requirements  that  have  existed  for  years,  such  as 
shipboard  recovery,  the  criteria  are  still  not  adequate;  the  desired  all-weather 
operational  capability  has  yet  to  be  realized. 

Although  the  work  done  on  rotorcraft  handling  qualities  in  the  last  12  years  is 
a  major  contribution,  much  more  remins  to  be  done.  The  proposed  update  of 
MIL-H-8501  is  a  considerable  advance  over  the  existing  MIL-H-8501A,  but  many  defi¬ 
ciencies  need  to  be  addressed.  It  is  hoped  that  in  another  12  years  we  will  have 
solved  many  of  these  problems,  but  it  is  also  anticipated  that  rotorcraft  missions 
and  technology  will  have  further  evolved,  thus  providing  more  challenges  to  the 
handling-qualities  community. 
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TABLE  1.-  CURRENT  HELICOPTER  HANDLING-QUALITIES  SPECIFICATIONS 


SPECIFICATION 

DATE 

APPLICATION 

MIL-H-8501 

1952 

HELICOPTERS 

MIL-H-8501A 

1961 

MINOR  REVISION 

AGARD  408 

1962 

V/STOL 

MIL-F-83300 

V/STOL 

(AND  HELICOPTERS 
USAF  ONLY) 

UTTASPIDS 

1971 

UTTAS 

AAH  PIDS 

1973 

AAH 

AGARD  577 

1973 

V/STOL 

8501B  (PROPOSED) 

1973 

HELICOPTERS 

AHiPSPEC 

1981 

INTERIM  SCOUT 

COMMENTS 


SPECIFICALLY  HELICOPTERS 
SPARSE  COVERAGE 

CRITERIA  INADEQUATE  FOR  ARMY 
MISSIONS 

LACKS  TREATMENT  OF  ENVELOPES 
AND  FAILURES 

BASICALLY  FOR  VMC 


BROAD  COVERAGE 
SYSTEMATIC  STRUCTURE 

CRITERIA  INADEQUATE  FOR  ARMY 
MISSIONS 

BASED  ON  V/STOL  DATA 
BASICALLY  FOR  VMC 


BASED  ON  8501 A 

MANEUVERING  CRITERIA  ADDED 


MANY  NEW  UNSUBSTANTIATED 
REQUIREMENTS _ 

BASICALLY  8501A 


TABLE  2.-  ROTORCRAFT  HANDLING-QUALITIES  RESEARCH  NEEDS  IN  THE  NEAR  TERM 


SLUNG  LOADS  -  INCLUDING  TWIN  LIFT 
THRUST  VECTORING  POSSIBILITIES  AND  POTENTIAL 
VISUAL  CUE  DEGRADATION  EFFECTS  AND  QUANTIFICATION 
RESPONSE  TO  COMMAND  VERSUS  STABILIZATION  OF  UPSETS 
DIGITAL  IMPLEMENTATION  OF  HIGH  GAIN  SCAS 
SINGLE  PILOT  SCAS 

GUIDANCE  FOR  FAILURE  WARNING  AND  TRANSIENTS 

CROSS  COUPLING 

SIDE  STICK  CONTROLLERS 

MANEUVER  ENVELOPE  ENHANCEMENT  BY  LIMITING  AND  CUEING 
THRUST  RESPONSE  DYNAMICS  AND  MARGINS 
CONTROL  MODE  BLENDING 
NONLINEAR  CONTROL  BLENDING 

MISSION  TASK  ELEMENT  DEFINITION  AND  PERFORMANCE  BENEFITS 
AIR-AIR  COMBAT  VEHICLE  VERSUS  WEAPONS 
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ANALYSIS 


APPLICATION  OF  SPECS 
PILOT-IN-THE-LOOP  ANALYSIS 


\/ 

INCREASING 

COST 

AND  DELAY 
IN  FEEDBACK 
OF  DATA  FOR 
FUTURE 
APPLICATIONS 


GROUND  SIMULATION 
FLIGHT  EVALUATION 


VARIABLE  STABILITY  AIRCRAFT 
IN-FLIGHT  SIMULATION 
TEST  BED 
PROTOTYPE 
OPERATIONAL  TEST 
FEEDBACK  FROM  FIELD 


Figure  1.-  Methods  of  achieving  good  handling  qualities. 
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Figure  4.-  Flight  simulator  for  advanced  aircraft. 
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Figure  5.-  Vertical  motion  simulator. 
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Figure  8.-  VSTOLAND  control-law  channel. 
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Figure  11.-  CH-47B  research  system. 
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Figure  12.-  Effect  of  pitch  and  yaw  response  to  collective  input. 


Figure  14.-  Effects  of  short-term  roll  response  as  a  function  of  time-constraints. 


Figure  15.-  ADOCS  controller  configurations. 
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UH-60 


Figure  16.-  Use  of  sideslip  and  normal  acceleration  in  helicopter  air  combat 

simulation. 
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Figure  17.-  Effect  of  motion  system  characteristics  on  collective  use  during 

simulated  autorotations. 
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Figure  19--  Integrated  helmet  and  display  sight  system. 


989 


AVERAGE  COOPER-HARPER  RATING 


Figure  20.-  Effect  of  reduced  visibility  conditions  on  handling  qualities. 
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Figure  21.-  Influence  of  task 
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IFR  handling  qualities. 


AVERAGE  PILOT  RATING 


SCAS 

O  RATE  O  □  VMC 


BEFORE  SPLIT  ON  BEFORE  SPLIT  ON 

GLIDESLOPE  GLIDESLOPE  GLIDESLOPE  GLIDESLOPE 

CONVERSION  CONVERSION 

a)  LIGHT  TURBULENCE/HEADWIND  b)  MODERATE  TURBULENCE/CROSSWIND 

Figure  22.-  Influence  of  conversion  procedure,  SCAS,  and  visual  conditions  on 

tilt-rotor  handling  qualities. 
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O  EXP  I  (Ny  =  -1.2sec"‘') 

□  EXP  II  (N^  =  -1.6sec-‘') 

A  EXP  IV(Lq/Lp  =  0;Nr  =  -1.2sec“'’) 

A  EXP  IV(Lq/Lp  =  0.25;Nr  =  -1.2sec“'') 


Figure  23.-  Ground  and  in-flight  simulation  results:  roll  control  requirements  for 

a  slalom  task. 


993 


QC 

UJ 

Q. 

X 

LU 


adHO 


4-> 

03 

rH 

d 

B 

•f— j 

w 

4-> 

tiD 

•iH 

r-j 

Cw 

I 

c 


TD 

C 

03 

T3 

C 

d 

O 

SL, 

O 

I 

C\J 

<u 

d 

bO 

•r-l 

Cl, 


994 


TASK:  PRECISION  HOVER 

ATTITUDE  COMMAND/ATTITUDE  HOLD  SYSTEMS 


Figure  25.-  Ground  and  in-flight  simulation  results:  precision  hover  tasks. 


IDEAL  FAST  INTERMEDIATE  SLOW 

EOS  E67  E27 

ENGINE-GOVERNOR  RESPONSE 

Figure  26.-  Ground  and  in-flight  simulation  results:  engine-governor  response 
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Figure  27.-  Scope  of  rotorcraft  handling-qualities  problem. 
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Session  Cochairmen: 

Otis  S.  Childress,  NASA 

Yung  H.  Yu,  Department  of  the  Army 


ACOUSTICS  SESSION 


SUMMARY 


Session  Co-chairman  Childress  opened  the  session  pointing  out  the 
tremendous  growth  in  rotorcraft  acoustic  technology  over  the  past  decade.  A 
short  history  leading  to  the  formulation  of  the  joint  Government/Industry 
Rotorcraft  Noise  Reduction  Program  emphasizing  the  factors  that  drive  the 
technology  development  was  given.  These  factors  also  have  driven  the 
increased  in-house  sponsored  research  of  both  the  government  and  industry. 

The  four  papers  presented  in  this  session  discussed  these  expanded  acoustic 
research  programs  of  the  government. 

Mr.  H.  G.  Morgan  presented  a  paper  entitled  “Recent  Langley 
Helicopter  Acoustics  Contributions."  He  focussed  his  remarks  on  the 
resolution  of  noise  scales  or  metric  issues  for  certification;  status  of  the 
helicopter  system  noise  prediction  program  (ROTONET);  highlights  of  research 
on  source  noise  mechanisms  of  the  rotating  systems,  blade  rotation, 
blade-vortex  interaction,  and  broadband  noise  sources;  and  finally 
contributions  to  the  interior  noise  problems. 

Dr.  John  Coy  presented  a  paper  entitled  "Identification  and  Proposed 
Control  of  Helicopter  Transmission  Noise  at  the  Source."  This  paper  dealt 
with  identification  of  the  source(s)  within  the  transmission  of  the  noise 
transmitted  to  the  interior  of  the  aircraft.  The  paper  concludes  with  a 
discussion  of  a  continuing  research  program  focussed  on  reducing  the  noise 
sources  and  blocking  transmission  of  the  noise  to  the  interior. 

Dr.  F.  H.  Schmitz  presented  a  paper  entitled  "A  Decade  of 
Aeroacoustics  Research  at  NASA-Ames."  He  gave  an  overview  of  accomplishments 
in  the  last  decade  in  the  following  areas;  acoustic  flight  and  ground  tests; 
wind-tunnel  acoustic  measurements;  rotorcraft  aeroacoustic  scaling  (definition 
of  guidelines);  theoretical  predictions;  and  application  of  computational 
fluid  dynamics  to  acoustic  predictions. 
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Dr.  Y.  H.  Yu  presented  a  paper  entitled  "Aeroacoustic  Research 
Programs  in  the  Army."  The  thrust  of  Dr.  Yu's  paper  was  a  discussion  of 
theoretical  and  experimental  work  related  to  the  understanding  of  helicopter 
impulsive  noise. 
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RECENT  LANGLEY  HELICOPTER  ACOUSTICS  CONTRIBUTIONS 

H.  G.  Morgan,  S.  P.  Pao,  and  C.  A.  Powell 

National  Aeronautics  and  Space  Administration 
Langley  Research  Center 


SUMMARY 

The  helicopter  acoustics  program  at  NASA  Langley  has  included  technology 
for  elements  of  noise  control  ranging  from  sources  of  noise  to  receivers  of 
noise.  This  paper  discusses  the  scope  of  Langley  contributions  for  about  the 
last  decade.  Specifically,  it  reviews  the  resolution  of  two  certification 
noise  quantification  issues  by  subjective  acoustics  research,  the  development 
status  of  the  helicopter  system  noise  prediction  program  ROTONET,  and  presents 
highlights  from  research  on  blade  rotational,  broadband,  and  blade  vortex 
interaction  noise  sources.  Finally,  research  contributions  on  helicopter 
cabin  (or  interior)  noise  control  are  presented.  A  bibliography  of  publica¬ 
tions  from  the  Langley  helicopter  acoustics  program  for  the  past  10  years  is 
i ncl uded . 


INTRODUCTION 

Acoustics  research  at  Langley  Research  Center  covers  sources  of  noise, 
propagation  of  noise,  and  receivers  of  noise.  That  portion  of  acoustics 
resedrch  aimed  at  helicopters  has  the  same  total  scope  and  begins  with  under- 
standing,  predicting,  and  reducing  noise  generated  by  the  most  important 
sources,  considers  propagation  of  noise  from  source  to  receiver  through  the  ^ 
atmosphere  or  vehicle  structure,  and  includes  technology  to  determine  criteria 
for  controlling  the  impact  of  noise  on  receivers.  Two  classes  of  helicopter 
receiver  problems  are  being  addressed.  The  first  class  of  research  concerns 
the  control  of  noise  impacting  residents  in  heliport  communities— the 
"exterior"  noise  problem.  The  second  class  of  concerns  relates  to  the  control 
of  the  noise  environment  of  helicopter  passengers  and  crew— the  interior 
noise  problem. 

Helicopter  acoustics  research  at  Langley  Research  Center  has  been  ongoing 
for  about  three  decades.  The  level  of  activity  was  relatively  small  until  the 
last  decade  when  national  and  international  concerns  with  the  environment  and 
quality  of  life  resulted  in  proposals  for  noise  certification  of  helicopters. 
The  stimulus  of  impending  noise  certification  requirements  led  to  the  recogni¬ 
tion  of  limitations  of  existing  noise  control  technology  and  to  a  push  to 
expand  the  noise  control  technology  base.  Therefore,  beginning  in  the  late 
70's,  Langley  helicopter  acoustics  research  expanded  significantly  to  respond 
to  this  need.  The  thrust  of  the  expanded  program  has  been  to  create  the  capa¬ 
bility  to  design  to  a  noise  goal  in  order  to  make  U.S.  helicopters  more  com¬ 
petitive  in  the  world-wide  civil  marketplace.  Most  of  the  effort  has  gone 
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into  the  exterior,  or  community,  noise  problem  at  which  noise  certification  is 
directed.  A  lesser,  but  still  significant  effort  has  gone  towards  control  of 
the  interior  noise  environment  of  passengers  and  crew. 

An  appreciation  for  the  scope  of  acoustics  research  necessary  to  create 
design-to-a-certification-noise-goal  capability  comes  from  considering  the 
complexity  of  helicopters  as  noise  sources.  This  complexity  is  illustrated 
conceptually  in  figure  1  which  shows  a  helicopter  noise  spectrum  to  be  made  up 
of  contributions  from  several  different  noise  sources.  Sound  at  lower  frequen¬ 
cies  tends  to  be  dominated  by  blade  rotational  tones  arising  from  rotor  load¬ 
ing  and  thickness.  At  higher  frequencies,  the  sound  becomes  broadband  in 
character  and  is  generated  by  mechanisms  that  involve  turbulence  inflow  or  the 
rotor  blade  boundary  layer.  Of  course,  these  sources  exist  on  both  main  and 
tail  rotors  which  generate  noise  at  differing  frequencies  due  to  different 
shaft  speeds.  In  intermediate  frequency  ranges,  interaction  noise  sources 
tend  to  dominate  the  spectrum.  Probably  the  most  significant  is  blade  vortex 
interaction  (BVI)  which  occurs  when  the  tip  vortex  shed  from  one  blade  is 
intersected  by  a  following  blade.  Another  such  source  is  main  rotor- tail 
rotor  (MR-TR)  interaction  occurring  when  the  tail  rotor  is  loaded  by  the 
unsteady  downwash  field  of  the  main  rotor.  The  relative  levels  and  frequen¬ 
cies  of  the  various  sources  shift  with  operating  condition,  forward  speed,  and 
observer  location  relative  to  the  vehicle.  To  determine  which  of  the  noise 
sources  are  in  most  need  of  research,  the  end  goal  of  noise  certification  must 
be  considered.  The  noise  scale  used  for  designing  and  certifying  helicopters 
is  the  Effective  Perceived  Noise  Level,  or  EPNL,  that  incorporates  the 
A-weighted  filter  to  approximate  the  response  of  the  human  ear  and  reflect 
people's  perception  of  noise.  The  filter  provides  greatest  weight  to  sound 
energy  in  the  1000  to  5000  Hz  frequency  range  and  filters  out  much  of  the  low 
frequency  sound  energy  associated  with  blade  rotational  noise.  The  filtered 
noise  spectra  is  shown  to  be  much  "flatter"  than  the  unfiltered  spectra  and  to 
increase  the  relative  importance  of  higher  frequencies.  For  this  reason, 
civil  helicopter  noise  research  must  include  the  higher  frequency  sources  even 
though  their  absolute  noise  levels  are  significantly  less  than  the  noise 
levels  in  the  lower  frequency  range. 

This  paper  will  discuss  the  most  significant  of  Langley's  recent  contri¬ 
butions  to  the  technology  of  helicopter  noise  control.  The  first  section 
describes  research  to  resolve  international  issues  associated  with  noise 
measurement  for  quantifying  noise  during  helicopter  certification  and  during 
heliport  operations.  Then,  the  program  to  develop  design-for-noise  capability 
centered  on  the  ROTONET  noise  prediction  system  will  be  described.  The 
research  to  understand,  predict,  and  reduce  the  most  important  individual 
noise  sources  follows.  The  last  section  of  the  paper  shifts  attention  from 
exterior  to  interior  noise  concerns  and  discusses  Langley  research  on  cabin 
environment.  Finally,  a  bibliography  is  included  which  lists  Langley  heli¬ 
copter  acoustics  research  publications  of  the  past  decade. 


NOISE  MEASUREMENT  SCALES 

The  prime  requirement  for  noise  measurement  scales,  or  a  noise  metric, 
for  noise  certification  or  for  assessing  impact  of  noise  on  communities  is 
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that  the  scale  adequately  quantify  those  characteristics  of  the  noise  which 
influence  human  perception.  During  the  past  decade,  NASA  Langley  has  con¬ 
ducted  a  number  of  subjective  acoustic  studies  to  answer  specific  questions 
related  to  the  ability  of  noise  scales  to  quantify  helicopter  noise.  Two 
studies  which  have  had  major  impact  on  FAA  and  ICAO  noise  certification  pro¬ 
cedures  (FAR-Part  36)  and  community  noise  assessment  regulations  (FAR-Part 
150)  are  described  in  the  following  sections. 


Noise  Certification 

A  major  concern  in  choosing  a  measurement  scale  for  helicopter  noise 
certification  was  the  need  for  an  impulse  correction  to  account  for  the  blade- 
slap  phenomenon.  Prior  to  the  formulation  of  the  ICAO  noise  certification 
rule  and  FAA  notice  of  proposed  rule  making  (NPRM),  some  laboratory  studies 
had  indicated  that  the  standard  aircraft  noise  certification  scale,  effective 
perceived  noise  level  (EPNL),  underestimated  the  annoyance  due  to  helicopter 
noise  containing  appreciable  blade-slap.  As  a  consequence,  an  impulse  correc¬ 
tion  was  proposed  which  would  have  significantly  complicated  the  EPNL  calcula¬ 
tion  procedure  and  which  would  have  severely  penalized  some  U.S.  manufactured 
helicopters.  To  provide  data  in  a  realistic  setting,  the  FAA  requested  that 
Langley  conduct  a  flight  experiment  using  a  jury  of  people  to  evaluate  actual 
helicopter  overflight  sounds. 

In  the  experiment  conducted  at  NASA  Wallops  Flight  Facility  in  the  spring 
of  1978  and  reported  in  reference  1,  91  people  made  judgments  on  the  noise  of 
72  helicopter  and  propeller  airplane  flyovers.  Some  of  them  were  located 
inside  houses  and  others  were  out-of-doors  during  the  tests.  A  photograph  of 
the  outdoor  subjects  and  the  test  area  is  presented  in  figure  2.  The 
impulsive  characteristics  of  one  of  the  two  helicopter  types  was  system¬ 
atically  varied  by  changing  the  main  rotor  speed  while  maintaining  a  constant 
airspeed  and  holding  other  characteristics  of  the  noise  relatively  constant. 

Results  from  the  experiment  indicated  that,  at  equal  noise  levels  as 
measured  by  EPNL,  the  more  impulsive  helicopter  was  judged  less  annoying  than 
the  less  impulsive  helicopter.  This  result  is  illustrated  in  figure  3  where 
the  average  annoyance  rating  given  by  the  outdoor  listeners  is  plotted  against 
EPNL  for  the  two  helicopter  types  and  the  propeller  airplane.  Least  square 
linear  regression  fits  to  the  data  for  the  impulsive  and  non-impulsive  heli¬ 
copters  are  indicated  by  the  solid  and  dashed  lines  respectively.  The  more 
impulsive  helicopter  was  judged  very  similar  to  the  propeller  airplane.  These 
and  other  results  from  the  experiment  indicated  that  the  proposed  impulse 
correction  did  not  improve  the  annoyance  prediction  ability  of  EPNL.  Based  on 
these  results  and  a  number  of  additional  carefully  controlled  laboratory 
studies  conducted  at  Langley  or  under  NASA  contract,  the  United  States  delega¬ 
tion  convinced  the  ICAO  to  drop  the  impulse  correction  requirement  for  heli¬ 
copter  certification. 
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Community  Impact 

The  total  community  impact  of  aircraft  or  helicopter  noise  is  generally 
considered  to  depend  on  the  number  of  overflights  as  well  as  the  noise  level 
from  each  overflight.  The  equivalent  noise  level  (LEQ)  scale,  which  inte¬ 
grates  or  sums  the  noise  from  a  number  of  overflights  on  an  energy  basis,  has 
been  shown  by  both  community  surveys  and  laboratory  studies  to  effectively 
quantify  the  total  noise  impact  around  large  airports  or  along  major  roads 
with  a  large  number  of  noise  events  per  day.  However,  does  LEQ  adequately 
reflect  annoyance  around  the  growing  number  of  heliports  with  a  low  number  (1 
to  10)  of  flights  per  day?  Because  of  the  difficulty  in  obtaining  sufficient 
statistical  accuracy,  standard  community  survey  techniques  applied  to 
naturally  occurring  heliport  environments  are  inappropriate  for  answering  this 
question.  In  addition,  the  necessity  for  testing  very  low  numbers  of  events 
for  extended  time  periods  made  the  validity  of  laboratory  experimentation 
questionable.  With  the  support  of  the  FAA,  a  new  methodology  was  used  to 
address  this  issue  that  combined  the  home  environment  with  controlled  noise 
exposures,  reference  2. 

The  survey  was  conducted  by  telephone  in  a  community  near  Fort  Eustis, 
Virginia  that  is  normally  exposed  to  helicopter  noise.  The  participants  were 
repeatedly  surveyed  on  evenings  following  days  in  which  the  helicopter  noise 
levels  and  number  of  flights  were  closely  controlled  by  arrangement  with  Army 
heliport  officials.  Noise  exposure  was  controlled  by  using  two  different 
types  of  helicopters  on  different  days  in  the  tests.  A  UH-IH  helicopter  pro¬ 
vided  a  relatively  impulsive  noise  exposure  and  a  UH-60A  provided  a  relatively 
low  impulsive  exposure.  On  any  given  day  overflights  were  made  at  either 
500  ft.  or  1500  ft.  to  provide  nominal  peak  noise  levels  of  85  dB(A)  or  75 
dB{A).  The  number  of  planned  flights  per  day  varied  from  1  to  32.  Noise 
measurements  were  made  at  a  number  of  locations  in  the  community  on  test  days 
to  ensure  accurate  noise  exposure  estimates.  The  community  residents  partici¬ 
pating  in  the  survey  were  paid  an  honorarium  to  maintain  interest  but  were 
told  only  of  a  general  interest  in  transportation  noise  and  given  no  hint  of 
the  true  purpose  of  the  test.  A  total  of  338  residents  were  interviewed  on 
each  of  17  controlled  exposure  days. 

Results  from  the  survey  indicate  that  community  residents  could  discrimi¬ 
nate  days  with  noise  exposures  resulting  from  a  very  low  number  of  flights  per 
day  from  days  with  only  a  few  more  flights  per  day.  Average  annoyance  scores 
for  days  with  different  noise  exposures  are  shown  in  figure  4  on  the  noise 
scale  sound  exposure  level  (SEL)  with  number  of  flights  as  a  parameter.  SEL  is 
a  measure  of  the  noise  exposure  of  a  single  flight  which  includes  A-weighting 
for  frequency  content  and  is  corrected  for  the  duration  of  the  flight.  An 
increase  in  annoyance  with  exposure  is  seen  over  the  range  of  both  noise  level 
and  number  of  flights.  The  data  were  also  examined  to  determine  the  applica¬ 
bility  of  single  number  noise  exposure  indexes  to  quantify  the  respondents 
annoyance.  Results  for  LEQ,  the  scale  used  to  assess  airport  noise  exposure 
in  the  FAR-Part  150  and  by  the  EPA  for  any  type  of  community  noise  exposure, 
is  shown  in  figure  5.  Except  for  the  very  lowest  noise  exposure  condition,  a 
linear  increase  in  annoyance  with  exposure  is  evident,  thus  demonstrating  that 
the  LEQ  scale  is  indeed  applicable  to  heliport  community  situations  with  low 
numbers  of  flights  per  day. 


1006 


Although  not  illustrated  in  this  paper,  several  other  interesting 
findings  were  obtained  in  the  survey.  One,  consistent  with  the  results  of  the 
field  study  described  previously,  was  that  impulsive  helicopters  are  not 
inherently  more  annoying  than  non-impul sive  helicopters  when  their  noise  is 
measured  on  a  scale  corrected  for  duration  and  noise  level. 


ROTONET 

The  aim  of  noise  certification  is  to  force  the  incorporation  of  the  best 
available  noise  control  technology  in  new  helicopter  designs.  For  this  to 
happen  in  a  rational  manner,  manufacturers  must  be  able  to  conduct  sensitivity 
analyses  that  predict,  with  confidence,  the  effects  of  design  variables  on  the 
noise  generated  under  certification  conditions.  As  pointed  out  earlier,  this 
requires  methodology  for  determining  noise  from  several  helicopter  noise 
sources  and  then  predicting  their  combined  effects  in  certification  measure¬ 
ment  units  under  specified  conditions.  ROTONET  is  a  modular  testbed  computer 
Droqram  that  predicts  noise  at  a  specified  receiver  location  of  a  helicopter 
system  that  aims  to  meet  this  need.  The  elements  of  ROTONET  are  depicted  in 
figure  6.  Inputs  include  the  configuration  variables  (such  as  rotor  and  tail 
rotor  geometry  and  rotational  speeds),  flight  path  (such  as  level  flyover  or 
landing  descent),  and  observer  location  (such  as  certification  measurement 
sites).  The  ROTONET  computer  program  itself  has  three  major  functional 
computGr  codG  groups.  ThG  first,  rotor  pGrformancG,  prodicts  tnG  airfoi 
section  and  rotor  force  coefficients  for  isolated  main  and  tail  rotors  and 
generates  aerodynamic  loads  and  motions  for  inputs  to  source  noise  prediction. 
The  second  code  grouping  contains  several  source  noise  modules  that  are 
rGQuirGd  to  account  for  all  contributors  such  as  bladG  rotational  noisG, 
broadband  noise,  and  blade  vortex  interaction.  Finally,  the  propagation 
cluster  of  modules  accounts  for  effects  such  as  source  to  observer  geometry, 
atmospheric  absorption,  spherical  spreading,  and  ground  reflection  and  attenua¬ 
tion,  and  computes  the  noise  on  any  desired  scale  such  as  overall  sound 
pressure  level  (OASPL),  A-weighted  sound  pressure  level  (L^),  and  effective 
perceived  noise  level  (EPNL). 

The  modular  approach  to  ROTONET  permits  the  newest  technology  to  be  incor¬ 
porated  in  the  computer  system.  The  prediction  procedure  for  any  given  noise 
source  may  be  analytical  or  empirical  and  can  be  replaced  by  a  better 
procedure  that  subsequently  becomes  available.  A  user  s  proprietary  method 
can  be  incorporated  by  meeting  well  defined  interface  requirements.  A  phased 
development  of  ROTONET  is  being  followed,  with  each  phase  representing  a  more 
complete  and  advanced  modeling  of  the  helicopter  noise  prediction  problem. 

The  Phase  I  baseline  system  described  in  reference  3  is  operational  and 
contains  blade  rotational  and  broadband  noise  modules.  The  Phase  II  version 
now  being  evaluated  adds  better  broadband  source  noise  capability,  accounts 
for  non-uniform  inflow,  uses  a  prescribed  wake,  expands  the  harmonic 
the  blade  rotational  source  module,  and  generally  inproves  utility.  The  Phase 
III  version  under  development  is  building  towards  including  a  BVI  capability 
and  a  rotor  free  wake  along  with  other  improvements.  In  addition  to  operating 
on  Langley's  mainframe  CDC  computers,  ROTONET  operates  on  VAX  minicomputers 
and  in  that  form  has  been  delivered  to  all  four  major  helicopter  companies. 


1007 


At  least  three  of  the  companies  have  exercised  the  Phase  I  and  Phase  II 
systems,  have  verified  that  proprietary  modules  can  be  interfaced  and  operated 
with  ROTONET,  and  are  planning  to  evaluate  the  more  advanced  versions. 

Initial  applications  of  ROTONET  indicate  the  kinds  of  results  that  are 
possible.  Table  I,  from  reference  3,  compares  predictions  with  measurement  of 
EPNL  for  a  Bell  222  in  level  flyover  for  four  combinations  of  speed  and 
altitude.  The  prediction  with  just  rotational  noise  sources  is  directly  from 
the  Phase  I  system  and  is  uniformly  low  compared  to  measurement  by  about  6-7 
EPNdB.  The  broadband  source  module  used  in  the  second  prediction  is  a  partial 
version  of  the  full  broadband  source  module  in  Phase  II.  The  addition  of  the 
broadband  source  significantly  improves  the  overall  agreement  with  measure¬ 
ment,  bringing  it  to  within  3-4  EPNdB.  This  comparison  demonstrates  that  the 
broadband  source  is  a  significant  contributor  when  noise  is  measured  on  the 
EPNL  scale.  However,  it  also  shows  that  system  noise  prediction  must  be 
further  improved  before  it  can  be  routinely  applied  with  confidence.  The  goal 
continues  to  be  to  predict  EPNL  to  within  +1.5  EPNdB.  For  the  case  presented, 
addition  of  the  BVI  source  is  believed  to  Fe  necessary  for  further  significant 
improvement  in  prediction. 

While  the  EPNL  predictive  ability  just  discussed  is  the  desired  product 
of  ROTONET,  determination  and  assessment  of  weak  links  in  prediction  of  the 
complex  quantity  EPNL  is  extremely  difficult.  The  comparison  with  data  just 
discussed  relates  output  for  a  given  input  but  gives  no  information  on  the 
efficacy  of  the  myriad  of  intervening  steps.  Therefore,  a  series  of  heli¬ 
copter  flight  tests  are  underway  to  obtain  a  data  base  that  not  only  relates 
input  (flight  condition)  to  output  (EPNL)  but  also  permits  assessment  of  the 
intervening  steps.  This  data  base  will  be  used  to  validate  the  predictive 
ability  of  ROTONET,  develop  confidence  in  its  utility,  and  identify  improve¬ 
ment  needs. 

The  first  test  in  the  series  has  been  completed  at  Wallops  Flight 
Facility  and  was  conducted  cooperatively  with  McDonnell -Douglas  Helicopters 
using  the  500E  helicopter  shown  in  figure  7.  The  configurations  tested  had  a 
5-blade  main  rotor,  either  2-  or  4-blade  tail  rotors,  and  sometimes  included 
an  engine  exhaust  muffler  to  insure  uncontaminated  main  and  tail  rotor  noise. 

A  specially  designed  rotor  head  telemetry  system  transmitted  rotor  blade  data 
for  on-board  recording  along  with  other  vehicle  data,  thus  eliminating  slip 
rings  for  obtaining  high  frequency  data  off  the  rotor.  Laser  radar  tracking 
provided  precise  helicopter  position  and  velocity  data.  Microphone  array 
techniques,  time  correlated  with  the  on-board  data,  were  used  to  measure  a 
hemispherical  far  field  noise  directivity  pattern  underneath  the  vehicle  with 
a  high  level  of  statistical  confidence.  A  typical  result  from  the  May  1986 
test  is  illustrated  in  figure  8  and  compared  with  a  ROTONET  prediction.  In 
this  case,  the  1/3  octave  band  noise  spectrum  radiated  from  near  the  overhead 
position  is  shown.  The  prediction  of  the  details  of  the  spectrum  are 
reasonable  at  low  frequencies,  very  good  at  mid-frequencies,  and  poor  at 
higher  frequencies.  However,  EPNL  (which  makes  use  of  the  spectrum  time 
history  throughout  the  flyover)  is  predicted  to  within  1.7  EPNdB,  illustrating 
the  forgiving  nature  of  the  EPNL  scale.  Such  detailed  spectral  information 
shows  clearly  that  improved  noise  source  models  must  be  included  in  the  system 
model.  The  acoustic  data  from  the  MD  500E  flight  test  will  include  EPNL  and 
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narrow  band  spectra  as  well  as  1/3  octave  spectra  such  as  this  for  measurement 
locations  beneath  the  helicopter  covering  nearly  a  hemisphere.  The  data  base 
will  also  include  operating  and  dynamic  state  data  and  layered  atmospheric 
weather  data  and  will  be  available  to  the  industry  for  comparison  with  company 
prediction  methods  as  well  as  ROTONET. 


NOISE  SOURCES 

Helicopter  external  noise  is  generated  by  a  large  number  of  distinctively 
different  sources  and  mechanisms.  Among  the  most  important  are  high  speed 
impulsive  noise  associated  with  transonic  rotor  tip  speeds,  tonal  rotational 
noise  from  main  and  tail  rotors,  broadband  noise  of  various  types,  blade- 
vortex  interaction  noise,  main  rotor- tail  rotor  interaction  noise,  and 
engine  noise.  With  the  exception  of  engine  noise,  all  these  sources  are 
related  to  moving  aerodynamic  surfaces  of  helicopters.  Therefore,  their 
intensity  and  spectral  characteristics  are  functions  of  system  configuration, 
flight  speed,  maneuvers,  and  rotor  dynamics.  Thus,  the  analysis,  prediction, 
and  measurement  of  individual  source  components,  which  are  needed  as  part  of 
the  total  helicopter  system  noise  prediction  in  ROTONET,  are  complex  and 
difficult.  However,  significant  progress  has  been  made  in  the  quantitative 
understanding  of  the  most  important  source  mechanisms.  Research  to  understand 
the  high  speed  impulsive  noise  source  has  been  led  by  the  Army  Aeromechanics 
Directorate  at  Ames  Research  Center.  Langley  Research  Center's  most  signifi¬ 
cant  accomplishments  are  related  to  three  important  sources  for  civil  noise 
certification,  blade  rotational  noise,  broadband  noise,  and  blade  vortex  inter¬ 
action  noise. 


Rotational  Noise  Theory 

The  generation  of  noise  by  bodies  in  arbitrary  motion  is  governed  by  the 
Ffowcs  Williams  Hawkings  (FW-H)  equation  which  may  be  derived  from  first 
principles  of  mass  and  momentum  conservation.  It  can  be  simply  interpreted  as 
a  wave  equation  with  three  source  terms  commonly  identified  as  the  thickness, 
loading,  and  quadrupole  noise  sources.  At  Langley,  Farassat  obtained  and  ^ 
reported  a  general  solution  to  the  FW-H  equation  and  adapted  it  to  rotor  noise 
prediction,  reference  4.  His  analytical  development  is  unique  in  several 
ways.  Mathematics  aside,  perhaps  most  important  is  that  the  solution  is 
obtained  in  the  time  domain,  rather  than  the  frequency  domain,  as  an  acoustic 
pressure  time  history.  The  solution  is  expressed  in  an  integral  form  that  can 
be  numerically  evaluated  and  permits  full  description  of  rotor  blade  geometry 
and  kinematics.  Since  the  noise  spectrum  is  obtained  by  Fourier  transform  of 
the  time  history,  the  method  predicts  amplitudes  of  the  fundamental  and  all 
its  harmonics  and  is  not  limited  to  predicting  only  one  or  two  tones.  More 
recent  developments  have  shown  that  the  time  domain  solution  can  also  be 
adapted  for  linearized  unsteady  aerodynamic  analysis,  reference  5,  and 
extended  to  obtain  a  practical  solution  for  supersonic  tip  speed  propeller 
noise  analysis,  reference  6. 
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A  comparison  between  prediction  by  the  Farassat  formulation  and  measured 
noise  data  from  the  Operations  Loads  Survey  (OLS)  Bell  helicopter  were  con¬ 
ducted  and  reported  in  references  7  and  8  to  evaluate  the  prediction  capa¬ 
bility.  Typical  results  from  that  validation  study  are  shown  in  figures  9 
and  10.  Shown  are  noise  spectra  measured  and  predicted  ahead  of  the  heli¬ 
copter,  near  the  plane  of  the  rotor.  Figure  9  is  at  relatively  low  speed, 

66  fps,  and  8.5  degrees  below  the  rotor  plane.  The  fundamental  rotor  tone 
and  16  harmonics  are  illustrated.  Three  tail  rotor  tones  are  also  identified 
over  the  frequency  range.  For  the  predictions,  measured  aerodynamic  loads  were 
used  as  inputs.  The  results  demonstate  that  full  scale  rotor  rotational 
noise  can  be  predicted  with  good  accuracy  at  modest  forward  speeds  using  only 
thickness  and  loading  source  components,  if  aerodynamic  loading  is  known  with 
confidence.  Figure  10  is  a  result  at  higher  flight  speed,  200  fps,  13.3 
degrees  below  the  rotor  plane.  At  this  higher  speed,  the  amplitudes  of  the 
fundamental  tone  and  lower  harmonics  were  underpredicted,  indicating  the  need 
to  consider  quadrupole  sources,  transonic  aerodynamics  near  the  advancing 
blade  tip,  or  nonlinear  effects.  This  particular  methodology  for  predicting 
rotational  noise,  demonstrated  to  work  very  well  except  at  high  forward 
speeds,  is  part  of  the  Phase  I  ROTONET  system  described  earlier. 

Recently,  substantial  effort  has  been  devoted  to  improving  the  computa¬ 
tional  codes  for  rotor  blade  rotational  noise  prediction.  The  theory  has  been 
reformulated  to  permit  faster  and  more  accurate  computations.  Other  improve¬ 
ments  in  the  numerical  algorithms  and  geometrical  modeling  have  improved  speed 
and  robustness.  The  complete,  updated  version  of  the  blade  rotational  noise 
prediction  code,  known  as  the  Brentner-Farassat  code  or  WOPWOP,  is  described 
in  reference  9  and  has  been  distributed  to  the  industry.  Two  results  using 
the  code  from  a  recent  validation  effort  in  reference  10  are  shown  in  figures 
11  and  12.  The  comparisons  are  with  wind  tunnel  data  for  a  1/4  scale  UH-1 
helicopter.  The  noise  code  was  coupled  to  an  existing  rotor  performance  code, 
C-81  from  Ames  Research  Center,  to  generate  input  data.  Figure  11  shows  the 
acoustic  pressure  time  history  and  spectrum  for  a  case  where  thickness  noise 
dominates.  Agreement  in  time  history  and  for  a  broad  frequency  range  are  felt 
to  be  good  and  of  the  same  order  of  agreement  obtained  with  earlier  codes. 
Figure  12,  however,  is  the  time  history  for  a  flight  condition  where  loading 
noise  is  dominant  and  BVI  occurs.  Agreement  is  not  good  for  this  case  for  two 
reasons— first,  BVI  prediction  is  not  included  in  the  analysis,  and  secondly, 
the  aerodynamic  loads  from  C-81  are  inadequate.  This  highlights  the  necessity 
of  using  the  best  available  aerodynamic  loading  information  if  blade  rotation¬ 
al  noise  is  to  be  predicted  for  arbitrary  locations  and  flight  conditions. 

The  robustness,  high  resolution,  and  stability  of  the  new  code  make  it  ideal 
for  studying  noise  effects  of  detailed  rotor  dynamics,  such  as  lead-lag  and 
random  impulsive  blade  loads,  and  rotor  geometry  variations.  Therefore, 

Langley  efforts  are  directed  at  coupling  the  noise  code  to  newer  and  better 
aerodynamic  codes  including  Ames'  CAMRAD  and  TFAR  codes. 


Broadband  Noise 

Broadband  noise  is  of  concern  for  its  contributions  to  total  noise 
measured  on  the  certification  scale  EPNL  at  higher  frequencies.  It  is 
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especially  important  for  large,  low  rotor-speed  rotor  systems.  Numerous 
broadband  sources  and  generating  mechanisms  have  been  identified.  Unsteady, 
non-determini  Stic  loading  on  the  rotor  produces  the  random  part  of  blade  rota¬ 
tional  noise.  Of  more  concern  at  higher  frequencies  is  the  self-noise  generat¬ 
ed  by  a  rotor  blade  and  its  boundary  layer  and  shed  vortices.  Dominant  broad¬ 
band  source  mechanisms  recognized  in  the  survey  of  reference  11  are  turbulence 
ingestion,  trailing  edge- turbulence  interaction,  trailing  edge  bluntness, 
separated  flows,  and  blade  tip  vortex  shedding. 

The  Langley  program  has  addressed  these  sources  over  the  past  decade  so 
that  the  relative  importance  of  each  is  understood.  An  example  of  this 
research  from  reference  12  is  illustrated  in  figures  13  and  14.  As  seen  in 
the  photograph,  relatively  small  models  were  tested  at  low  velocities  in 
Langley's  Quiet  Flow  Facility.  Most  tests  were  two-dimensional  and  varied 
Reynolds  numbers  over  a  wide  range  by  changing  both  velocity  and  airfoil 
chord.  The  data  show  how  the  scaled  noise  level  for  the  trailing  edge¬ 
boundary  layer  interaction  source  collapses  into  a  single  curve  through  the 
boundary  layer  laminar  to  turbulent  transition  flow  region.  Such  measurements 
were  a  key  in  developing  an  empirical  prediction  method  for  the  broadband 
sources  that  has  been  incorporated  into  ROTONET. 

An  opportunity  to  assess  broadband  prediction  methods  occurred  during  the 
joint  NASA/DFVLR/FAA  rotor  noise  test  in  the  DNW  wind  tunnel  in  the 
Netherlands  during  May  1986.  Figure  15  shows  the  40%  scale  BO-105  rotor  being 
tested  in  that  facility.  The  unique  DNW  aeroacoustic  wind  tunnel  is  the  only 
facility  in  the  world  with  an  acoustic  environment  permitting  broadband  noise 
to  be  measured  on  a  model  of  realistic  size.  Noise  was  measured  with  micro¬ 
phones  above  the  rotor  plane  and  external  to  the  flow.  Prior  to  tunnel  entry, 
the  broadband  noise  for  each  test  condition  had  been  predicted  using  the  newly 
developed  method  for  ROTONET.  One  of  the  best  comparisons  from  reference  13 
is  presented  in  figure  16.  Four  50  Hz  bandwidth  measured  spectra  are  shown 
for  constant  thrust  coefficent,  Cj,  and  advance  ratio,  p .  The  parameter, 
angle  of  attack  of  the  tip  path  plane,  a  is  a  measure  of  rate  of  descent 
which  is  known  to  be  major  variable  in  blade  vortex  interaction,  or  BVI.^  The 
broadband  noise  prediction  in  the  figure  uses  all  of  the  previously  mentioned 
source  mechanisms  except  trailing  edge  bluntness  which  is  not  important  for 
this  case.  As  expected,  at  low  frequencies  where  rotational  and  blade  vortex 
interaction  noise  dominate,  the  prediction  falls  far  below  the  measured 
spectra.  However,  at  high  frequencies,  the  prediction  agrees  remarkedly  well 
with  experiment.  While  complete  data  from  the  experiment  are  still  being 
analyzed,  this  early  result  is  very  encouraging  and  suggests  that  the 
prediction  procedure  truely  incorporates  the  important  noise  generation 
mechanisms.  The  agreement  is  surprising  when  considering  the  2-dimensional 
basis  for  the  prediction  method.  However,  the  availability  of  data  from  a^ 
carefully  conducted  basic  research  experiment,  even  though  2-dimensional,  is 
the  key  to  the  good  prediction. 

At  intermediate  frequencies,  up  to  about  6000  Hz  model  scale,  noise 
levels  in  figure  16  change  drastically  with  the  parameter  a-pp,  thus 
indicating  interaction  is  dominating  the  noise  at  these  frequehcies.  The 
state  of  understanding  of  the  interaction  noise  is  still  poor,  and  is  the 
focus  for  on-going  research,  some  of  which  is  discussed  in  the  next  section. 
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Blade-Vortex  Interaction  Noise 

Blade  vortex  interaction  (BYI)  noise  arises  from  the  impulsive  load  when 
a  rotor  blade  intersects  or  passes  near  the  tip  vortex  shed  by  a  preceeding 
blade.  It  depends  on  operating  conditions,  observer  position,  and  frequency 
range.  As  just  pointed  out  on  figure  16,  it's  energy  usually  shows  in  the 
spectrum  between  lower  frequency  blade  rotational  noise  and  higher  frequency 
broadband  noise.  Research  on  this  very  complex  noise  source  is  not  nearly  as 
advanced  as  on  the  other  sources  discussed.  Langley's  approach  to  the  problem 
has  been  to  study  it  in  a  very  fundamental  way  with  2-dimensional  experiments 
and  analysis  as  well  as  to  conduct  wind  tunnel  experiments  on  rotating  blade 
systems.  Figure  17,  from  reference  14,  shows  a  2-dimensional  flow  visualiza¬ 
tion  experiment  in  the  Langley  Quiet  Flow  Facility  which  examined  details  of 
vortex  interaction  with  an  airfoil  and  determined  the  bounds  of  three  zones  of 
interaction  for  BVI.  A  distributed  vortex  may  deflect  its  trajectory  but  will 
retain  its  shape  if  it  is  more  than  one  chord  length  away  from  the  airfoil. 
When  the  encounter  distance  is  within  a  half  chord,  the  vortex  will  deform  as 
well  as  deflect.  If  the  encounter  distance  is  within  an  airfoil  thickness, 
collision  occurs  and  viscous  interaction  splits  the  incident  vortex  and  may 
induce  secondary  vortices.  Parallel  computational  acoustic  studies  using  an 
Euler  Code  to  model  the  interaction  process  are  reported  in  reference  15  and 
illustrated  in  figure  18.  A  vortex  is  injected  1.5  chord  lengths  upstream 
from  and  0.5  chord  lengths  below  the  airfoil  leading  edge  and  then  tracked  as 
it  washes  downstream.  It  both  distorts  and  accelerates  as  it  passes  a  lifting 
airfoil  and  these  processes  generate  the  noise.  The  predicted  acoustic 
pressure  time  history  is  seen  to  closely  approximate  the  familiar  impulse 
noise  of  BVI. 

Such  fundamental  studies  provide  insights  into  the  fluid  mechanics  that 
generate  BVI.  However,  experiments  with  rotating  blade  models  are  necessary 
to  develop  noise  prediction  capability  and  noise  reduction  approaches.  The 
most  recent  such  Langley  experiment  on  BVI  was  conducted  jointly  with  the 
broadband  noise  experiment  in  the  DNW  wind  tunnel  in  May  1986.  The  test 
configuration  for  BVI  noise  testing  is  shown  in  figure  19  and  is  reported  in 
reference  16.  In  this  case,  an  array  of  microphones  is  mounted  on  a 
traversing  carriage  beneath  the  rotor,  with  the  microphones  inside  the  wind 
tunnel  flow,  to  map  the  BVI  noise  on  a  plane  beneath  the  rotor.  A  typical 
result  is  shown  in  figure  20  for  a  rotor  tip-path-plane  angle  of  2.3^.  The 
contours  are  constant  peak-to-peak  BVI  pressure  on  a  plane  2.1  m  beneath  the 
4-meter  diameter  rotor.  The  area  covered  by  the  rotor  disk  is  shaded.  The 
unsymmetric  character  of  the  BVI  radiated  noise  is  immediately  apparent,  with 
the  most  intense  noise  appearing  under  the  advancing  side  of  the  rotor.  This 
is  believed  to  result  from  a  vortex  interaction  with  an  advancing  rotor  blade 
in  the  aft  quadrant.  On  that  basis,  the  square  shaded  area  is  the  noise  source 
shadow  cast  by  the  fuselage  which  makes  BVI  noise  levels  in  the  shadow 
questionable.  The  very  steep  gradients  of  acoustic  pressure  demonstrate  the 
sensitivity  of  microphone  placement  in  any  experimental  assessment  of  BVI. 

Data  from  this  experiment  are  being  used  to  evaluate  prediction  methods  for 
the  BVI  source  which  are  urgently  needed  in  the  ROTONET  noise  prediction 
system. 
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CABIN  ENVIRONMENT 


The  final  section  of  this  paper  will  discuss  recent  Langley  contributions 
toward  understanding  and  controlling  the  noise  and  vibration  environment  in 
cabins  of  helicopters.  The  interior  noise  and  vibration  levels  of  current 
helicopters  are  very  high  relative  to  other  air  and  ground  transportation 
systems  due  to  proximity  of  the  crew  and  passenger  spaces  with  the  rotor 
gearbox  which  is  the  dominant  interior  noise  and  vibration  source.  The  result 
of  the  high  noise  and  vibration  levels  is  poor  passenger  acceptance  compared 
to  other  aircraft  and,  in  the  case  of  military  helicopters  in  particular, 
possible  degradation  in  pilot  performance  and  increased  risk  of  hearing  loss. 
The  Langley  program  has  included  numerous  studies  of  ride  quality  due  to  noise 
and  vibration  in  helicopters  and  other  transportation  systems  as  well  as  a 
number  of  studies  for  predicting  and  controlling  helicopter  interior  noise. 

The  model  developed  for  predicting  ride  quality  due  to  combined  interior  noise 
and  vibration  will  be  described  first,  followed  by  a  discussion  of  two  heli¬ 
copter  interior  noise  studies. 


Ride  Quality  Model 

A  series  of  experimental  studies  that  used  Langley's  Passenger  Ride 
Quality  Apparatus  (PRQA),  figure  21,  and  over  3000  test  subjects  generated  a 
data  base  from  which  a  comprehensive  model  for  estimating  di scomfort/ accept¬ 
ance  of  passengers  exposed  to  complex  interior  noise  and  vibration  was 
developed.  The  model,  reference  17,  accounts  for  multi-degree  of  freedom 
vibrations  combined  with  interior  noise.  The  basic  outputs  of  the  model  are 
numerical  indices  representing  total  absolute  discomfort  (or  acceptance)  of  a 
given  environment  as  well  as  indices  representing  the  relative  contributions 
of  noise  and  vibration  to  total  discomfort.  The  indices  are  measured  on  a 
ratio  scale,  called  Disc's,  such  that  DISC  =  2  corresponds  to  twice  the 
discomfort  as  DISC  =  1,  etc.  The  absolute  value  of  DISC  =  1  represents  a 
threshold  level  rated  uncomfortable  by  50  percent  of  the  subjects  tested.  The 
model  has  been  incorporated  into  a  commercially  available  device,  called  the 
Ride  Quality  Meter,  which  samples  the  noise  and  vibration  environment  and 
reads  out  the  numerical  discomfort  indices,  reference  18. 

A  recent  study  to  assess  the  validity  of  the  ride  quality  model  is 
reported  in  reference  19.  The  study  was  conducted  in  the  PRQA  using  measured 
helicopter  interior  noise  and  vibration  as  inputs  and  experienced  military 
pilots  as  test  subjects.  The  interior  of  the  simulator  was  configured  to 
resemble  a  modern  jet  transport  with  four  first  class  seats.  The  noise  and 
vibration  inputs  were  measured  on  0H-58C,  UH-IH,  AH-IS,  UH-60A  and  CH-47C_ 
helicopters.  Military  pilots  (35  from  Fort  Eustis,  VA  and  Naval  Air  Station, 
Norfolk,  VA)  served  as  passengers  who  rated  each  of  120  different  ride 
conditions.  The  noise  conditions  represented  levels  and  spectra  inside 
current  flight  helmets. 

Typical  results  from  the  study  are  shown  in  figure  22  for  the  range  of 
noise  and  vibration  simulated  for  the  0H-58C  helicopter.  Average  discomfort 
rating,  in  DISC'S,  is  plotted  versus  interior  A-weighted  noise  level  for  low. 
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moderate,  and  high  vibration  conditions.  Open  symbols  represent  mean  dis¬ 
comfort  ratings  given  by  pilots,  and  closed  symbols  show  predicted  discomfort 
ratings  from  the  NASA  model.  The  agreement  is  good  over  the  range  of  condi¬ 
tions  and  the  data  show  the  typical  interactions  between  noise  and  vibration 
that  determine  total  discomfort.  Because  of  the  good  agreement  between  pre¬ 
dicted  and  actual  ratings  in  this  and  other  studies,  the  U.S.  Army  Aviation 
System  Command  has  recently  incorporated  the  NASA  ride  quality  model  into  the 
human  factors  vibration  requirement  of  their  Aeronautical  Design  Standard 
ADS-27. 


Interior  Noise  Prediction  and  Control 

NASA  Langley  Research  Center  has  conducted  several  programs  to  investi¬ 
gate  aspects  of  helicopter  interior  noise  control.  In  one  early  program,  the 
Civil  Helicopter  Research  Aircraft  (CHRA),  the  modified  CH-53A  shown  in  figure 
23,  was  outfitted  v/ith  a  16-seat  passenger  cabin  and  state-of-the-art  noise 
control  treatment.  Acoustic  measurements,  reference  20,  were  made  over  a  wide 
range  of  operating  conditions  before  and  after  the  installation  of  the 
acoustic  treatment.  A  comparison  of  the  noise  environment  in  the  treated  and 
untreated  interior  volume  is  shown  in  figure  24.  Both  before  and  after 
treatment,  the  subjectively  dominant  noise  sources  were  identified  as  first- 
stage  planetary  and  main  bevel /tail  take-off  gear  clash.  Although  acoustic 
treatment  reduced  interior  noise  levels  about  30  dB,  the  levels  were  still 
considerably  in  excess  of  current  jet  transports.  Subsequent  flight 
demonstrations  confirmed  that  interior  noise  remained  excessive. 

The  experiences  from  the  Civil  Helicopter  Program  demonstrated  the  short¬ 
comings  of  helicopter  interior  noise  control  technology.  Langley  has  since 
contracted  with  Sikorsky  to  develop  advanced,  but  practical,  helicopter 
interior  noise  predictive  techniques  and  control  concepts.  Extensive  flight 
and  laboratory  measurements  of  cabin  noise  and  structural  vibrations  at 
acoustic  frequencies  have  been  made  on  a  modern  helicopter,  figure  25,  and  are 
reported  in  reference  21.  These  measurements  were  used  to  validate  a 
statistical  energy  analysis  (SEA)  model  of  the  directly  radiated  and  structure- 
borne  interior  noise  originating  from  the  gearbox  which  dominates  the  cabin 
noise.  In  the  SEA  model,  the  S-76  fuselage  is  represented  by  95  subsections 
(35  frames,  53  panels,  and  7  acoustic  spaces)  and  235  junctions.  The  only 
main  elements  not  modeled  are  the  propulsion  system,  tail  cone  and  landing 
gear. 


A  comparison  of  the  predicted  and  measured  in-flight  cabin  noise  is 
presented  in  figure  26  for  the  four  subjectively  most  important  octave  bands 
centered  at  500,  1000,  2000  and  4000  Hz.  Also  shown  is  the  Speech  Inter¬ 
ference  Level  (SIL),  a  noise  scale  which  sums  the  energy  in  these  bands  and 
which  is  frequently  used  for  specifying  cabin  noise  levels.  The  maximum  and 
minimum  noise  measured  at  various  locations  in  the  cabin  as  well  as  the  data 
averaged  over  the  cabin  is  presented.  Excellent  agreement  was  found  between 
the  predicted  and  measured  interior  noise  for  SIL  and  for  each  octave  band 
when  experimental  data  were  averaged  over  measurement  locations.  Since  the 
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SEA  model  provides  a  volume  average  of  the  acoustic  energy  level,  the 
averaging  of  the  levels  at  many  locations  is  appropriate  and  demonstrates  that 
predictive  tools  are  available  for  this  class  of  problems. 

Analytical  studies  using  the  SEA  model  have  shown  that  the  most  efficient 
interior  noise  reduction  for  this  vehicle  can  be  achieved  with  high  frequency 
vibration  isolation  between  the  gear  box  and  the  fuselage.  Therefore,  a 
resilient,  load-limiting,  fail-safe  isolator  has  now  been  designed  and  will  be 
evaluated  in  ground  experiments  in  the  final  phase  of  the  contract  to  complete 
the  cycle  of  noise  prediction,  diagnosis,  and  reduction. 


CONCLUDING  REMARKS 

This  paper  summarizes  the  major  helicopter  acoustics  research  activities 
of  Langley  Research  Center  over  the  last  decade.  Individual  projects  are 
described  that  address  a  variety  of  issues  covering  the  span  of  acoustics 
disciplines  from  noise  generation  by  individual  sources  to  the  propagation  of 
noise  and  the  effects  of  noise  on  receivers.  Most  of  this  research  has  been 
driven  by  civil  sector  requirements  for  noise  certification  and  heliport 
operations. 

Langley  research  was  a  major  factor  in  resolving  national  and  inter¬ 
national  issues  on  noise  measurement  scales  used  to  quantify  helicopter  noise. 
Certification  issues  involving  a  "penalty"  for  blade  slap  noise  proposed  by 
U.S.  competitors  were  resolved,  and,  in  another  case,  the  ability  ol' LEQ  to 
quantify  community  environmental  impact  around  heliports  with  very  limited 
numbers  of  operations  was  demonstrated. 

The  ROTONET  testbed  helicopter  noise  prediction  computer  system  has 
become  a  reality  with  operational  codes  delivered  to  the  four  major  manufac¬ 
turers  for  evaluation  during  1986.  This  prediction  capability  includes  blade 
rotational  and  broadband  sources  and  operates  at  each  company  on  VAX  computers 
However,  confidence  must  be  established  in  prediction  ability  before  ROTONET 
is  widely  used.  A  series  of  validation  flight  tests  are  planned  to  acquire 
the  data  for  this  purpose,  but  only  the  first  test  using  a  MD-500E  helicopter 
has  been  completed.  In  addition.  Phase  III  ROTONET  is  under  development  to 
improve  prediction  capability  by  including  additional,  as  well  as  improved, 
source  noise  models. 

Langley  research  on  individual  helicopter  noise  sources  is  focused  on  the 
requirements  for  ROTONET.  Rotor  blade  rotational  source  noise  theory  is 
highly  developed  but  needs  to  be  expanded  to  include  quadrupole  sources  and 
nonlinear  effects  to  treat  higher  tip  speeds.  A  big  increment  in  blade  rota¬ 
tional  noise  prediction  ability  will  come  from  improved  high  frequency 
unsteady  aerodynamic  load  predictions,  expected  to  come  from  CFD  codes,  which 
are  a  main  ingredient  in  noise  prediction.  Excellent  progress  in  defining  and 
developing  semi -empirical  predictions  for  broadband  noise  has  also  been  made 
in  the  last  5  years.  This  technology  has  been  made  available  to  the  industry 
through  ROTONET.  Progress  on  interaction  noise  is  urgently  needed  but  is 
coming  much  slower.  The  interaction  noise  generation  mechanisms  are  extremely 
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complicated  and  are  the  subject  of  studies  by  Langley  and  other  research 
groups.  As  results  become  available,  the  technology  will  be  included  in 
ROTONET. 

The  internal  noise  and  vibration  environment  in  helicopter  cabins  has 
been  studied  less  extensively.  A  ride  quality  model  has  been  developed  which 
predicts  passenger  and  crew  acceptability  of  combined  noise  and  vibration 
environments.  Recently,  this  model  was  incorporated  in  the  Army  Aviation 
System  Command's  aeronautical  design  standards.  On-going  research  on  interior 
noise  control  has  resulted  in  an  interior  noise  prediction  methodology  which 
provides,  for  the  first-time,  a  tool  for  design  sensitivity  analyses. 

Combined  with  new  materials  and  concepts,  an  opportunity  now  exists  for 
significant  progress  in  this  difficult  area. 
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Altitude 
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Predicted 
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85.6 
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91.6 

452 

no 
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86.7 

90.4 

977 
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79.4 

82.1 

85.8 

Notes:  Overhead  flyover 

Microphone  4  feet  above  ground 

TABLE  I.-  EFFECTIVE  PERCEIVED  NOISE  FOR  HELICOPTER  IN  LEVEL  FLYOVER 
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Figure  2.-  Outdoor  listening  site  for  helicopter  overflight  experiment 
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Figure  3.-  Average  noise  annoyance  ratings  of  outdoor  listeners 
during  helicopter  overflights. 
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Figure  6.-  ROTONET  computer  program  for  helicopter  system  noise  prediction. 


Figure  7.-  Experimental  helicopter  used  in  noise 
prediction  validation  flight  test. 
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Figure  8.-  Noise  spectrum  during  overhead  flyover  at  peak  tone-corrected 
perceived  noise  level  (PNLT),  95  knots  flight  speed, 

250  ft.  altitude,  2-blade  tail  rotor. 
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Figure  9.-  Noise  spectrum  of  OLS  helicopter,  66  fps  flight  speed, 
8.5°  emission  angle  from  rotor  plane. 
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Figure  10.-  Noise  spectrum  of  OLS  helicopter,  220  fps  flight  speed, 
13.3°  emission  angle  from  rotor  plane, 
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Figure  11.-  Noise  prediction  for  1/4-scale  UH-1  model  when  thickness  noise 
dominates,  tip  Mach  Number  =  0.86,  100  knots, 

140°  azimuth  in  tip  path  plane. 
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Noise  pretiiction  for  1/4-scale  UH-1  model  when  loading  noise 
dominates,  tip  Mach  Number  =  0.82,  60  knots, 

140''  azimuth  in  tip  path  plane. 


Figure  12 


Figure  13.-  Broadband  noise  experiment  in  Langley  Quiet  Flow  Facility 
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Figure  16.-  Rotor  broadband  noise  spectra  from  DNW  test  for  varying  rotor  tip 
path  plane  angles,  40%  scale  rotor,  Cj  =  0.0044,  p  =  0.086,  1050  rpm. 


Figure  17.-  Two-dimensional  airfoil -vortex  interaction  experiment 

in  the  Quiet  Flow  Facility. 
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Figure  18.-  Computational  acoustics  model  of  blade  vortex  interaction  noise. 


Figure  19.-  Blade  vortex  interaction  noise  experiment  in  the  DNW  wind  tunnel. 
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Figure  22.-  Effect  of  noise  and  vibration  level  on  pilot  discomfort, 
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Figure  23.-  Civil  helicopter  research  aircraft  (CHRA) 
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Figure  24.-  Effect  of  acoustic  treatment  on  interior  noise  in 
civil  helicopter  research  aircraft. 
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Figure  26.-  Measured  and  predicted  inflight  sound  pressure 
levels  in  test  helicopter. 
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SUMMARY 

Helicopter  cabin  interiors  require  noise  treatment  which  is  expensive  and 
adds  weight.  The  gears  inside  the  main  power  transmission  are  major  sources 
of  cabin  noise.  This  paper  describes  work  conducted  by  the  NASA  Lewis  Research 
Center  in  measuring  cabin  interior  noise  and  in  relating  the  noise  spectrum  to 
the  gear  vibration  of  the  Army's  OH- 58  helicopter.  Flight  test  data  indicate 
that  the  planetary  gear  train  is  a  major  source  of  cabin  noise  and  that  other 
low  frequency  sources  are  present  that  could  dominate  the  cabin  noise.  Compan¬ 
ion  vibration  measurements  were  made  in  a  transmission  test  stand,  revealing 
that  the  single  largest  contributor  to  the  transmission  vibration  was  the 
spiral  bevel  gear  mesh.  Our  current  understanding  of  the  nature  and  causes  of 
gear  and  transmission  noise  is  discussed.  The  authors  believe  that  the  kine- 
matical  errors  of  the  gear  mesh  have  a  strong  influence  on  the  noise.  This 
paper  summarizes  completed  NASA/Army  sponsored  research  that  applies  to  trans¬ 
mission  noise  reduction.  The  continuing  research  program  is  also  reviewed. 


INTRODUCTION 

Helicopter  interior  noise  and  vibration  are  of  concern  because  of  passenger 
comfort  and  the  effect  on  pilot  and  crew  efficiency.  The  military  is  most  con¬ 
cerned  with  pilot  workload  and  efficiency,  while  the  commercial  arena  is 
interested  to  attract  passengers  who  are  expecting  jet  smooth  and  quiet  trans¬ 
portation  with  the  convenience  of  a  vertical  takeoff  from  congested  areas.  In 
current  helicopters  the  excessive  interior  noise  causes  annoyance,  disrupts 
crew  performance  and  requires  ear  protection  equipment  to  be  worn  (fig.  1). 

Most  experts  agree  that  the  major  source  of  the  annoying  noise  in  the  cabin 
originates  from  the  gearing  in  the  main  transmission  which  is  commonly  mounted 
to  the  cabin  ceiling.  The  sound  and  vibration  energy  is  propagated  through  the 
structure  or  through  the  air  directly  to  excite  the  cabin  walls. 

In  the  past,  a  major  goal  of  transmission  design  was  to  reduce  the  weight, 
and  as  weight  decreased,  the  noise  has  increased  (ref.  1).  This  may  be  due  to 
the  increased  flexibility  of  the  transmission  housing  that  accompanies  a  weight 
reduction.  Also,  the  noise  increases  with  the  power  and  size  of  the 
helicopter. 
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The  objective  of  this  paper  is  to  identify  the  applicable  tools  and  tech¬ 
niques  that  have  been  developed  during  the  years  of  NASA/Army  cooperation  and 
to  present  them  in  one  place,  A  second  objective  is  to  present  some  conclu¬ 
sions  based  on  the  relevant  work  of  the  past  in  summary  form.  The  third  objec¬ 
tive  is  to  describe  the  NASA/Army  transmission  noise  program  so  that  industry, 
government,  and  universties  can  work  together  to  achieve  quieter  helicopter 
transmissions. 

This  paper  will  present  and  discuss  noise  and  vibration  measurements  taken 
on  the  U.S.  Army  OH-58  helicopter  transmission.  Measurements  were  taken  in  the 
NASA  Lewis  Transmission  Laboratory,  and  in  flight  at  the  Ohio  National  Guard 
Facility  at  Akron-Canton  Airport.  Our  current  understanding  of  the  nature  and 
causes  of  gear  and  transmission  noise  is  discussed,  followed  by  a  summary  of 
the  past  work  sponsored  by  the  Army  Propulsion  Directorate  and  NASA  Lewis  that 
is  applicable  to  the  noise  and  vibration  problem.  Now  there  is  a  focussed 
attention  on  helicopter  noise;  current  activity  and  plans  for  future  work  on 
helicopter  noise  are  presented. 


OH-58  HELICOPTER  &  TRANSMISION 

The  0H-58C  Helicopter  is  the  Army's  Light  Scout/Attack  helicopter,  which 
has  a  single  two-bladed  rotor  and  is  powered  by  a  236  kW  (317  rated  output  shp) 
gas  turbine  engine.  The  gross  vehicle  weight  is  14.2  kN  (3200  lb).  The  main 
transmission  has  a  reduction  ratio  of  17.44:1,  dry  weight  of  0.467  kN  (105  lb), 
and  is  engine  output  rated  for  201  kW  (270  hp)  continuous  duty.  The  Army  began 
receiving  the  OH-58's  from  Bell  Helicopter  Company  in  1969.  The  OH-58  is  a 
derivative  of  the  Bell  Model  206.  The  most  recent  Army  upgrade  of  this  heli¬ 
copter  is  the  OH-58  0  model,  rated  at  339  kW  (455  hp)  at  the  main  rotor.  The 
commercial  family  of  206  versions  has  several  models. 


The  Noise  Problem 

Historically,  helicopters  have  been  plagued  by  internal  noise  problems. 
Noise  levels  range  from  100-120  dBa  in  the  cabin.  The  sound  can  be  from  many 
sources,  such  as  the  transmission  gear  noise,  the  turbine  engine  compressor  and 
exhaust  noise,  the  rotor  blades,  and  air  turbulence.  The  transmission  is  a 
particularly  troublesome  source  and  is  believed  to  be  the  main  source  of  annoy¬ 
ing  noise  in  the  helicopter  cabin.  The  noise  from  the  transmission  enters  the 
cabin  following  two  paths,  structure  borne  radiation  and  direct  radiation 
(fig.  2).  The  magnitude  of  the  direct  radiation  is  a  function  of  the  acoustic 
power  radiated  from  the  transmission  case,  transmitted  acoustically  to  the 
cabin  outer  walls,  and  transferred  through  to  the  cabin.  Of  course  if  there 
are  any  small  openings  in  the  wall  between  the  transmission  compartment  and  the 
cabin  the  sound  will  directly  enter  the  cabin.  The  structure  borne  path  is 
particularly  hard  to  block  because  the  transmission  case  and  its  mounts  are  an 
integral  part  of  the  lift-load  bearing  path.  The  transmission  mounts  must  be 
strong  and  rigid:  strong  enough  to  support  the  entire  helicopter  by  transfer¬ 
ring  the  lift-load  from  the  rotor  blades  to  the  air  frame;  and  rigid  enough  for 
stable  control  of  the  helicopter.  The  stiff  mounts  pass  the  gear  vibrations 
exceedingly  well  to  the  airframe,  and  the  sound  transmits  to  the  cabin 
directly. 
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OH-58  Investigations 


The  measurement  experience  reported  here  was  limited  to  the  OH-58  helicop¬ 
ter  (fig.  3).  Vibration  measurements  of  the  transmission  were  previously 
reported  for  the  OH-58  helicopter  (refs.  2  and  3)  and  for  two  larger  sized 
helicopters  (refs.  4  and  5).  The  in-flight  measurements  of  cabin  noise  were 
performed  in  a  National  Guard  helicopter  at  the  Akron-Canton  Airport.  Measure¬ 
ments  of  the  in-flight  vibration  and  noise  are  presented  here  for  the  first 
time. 


OH-58  Transmission. 

The  test  transmission  is  described  in  reference  2  and  is  shown  in  figure  4. 
It  is  rated  for  use  where  the  engine  output  is  201  kw  (270  hp)  continuous  duty 
and  236  kw  (317  hp)  at  takeoff  for  5  min.  The  input  shaft,  turning  at 
6180  rpm,  drives  a  19  tooth  spiral  bevel  pinion  meshing  with  a  71  tooth  bevel 
gear.  The  input  shaft  is  mounted  on  triplex  ball  bearings  and  one  roller  bear¬ 
ing.  The  71  tooth  bevel  gear  shaft  is  mounted  on  duplex  ball  bearings  and  one 
roller  bearing.  The  bevel  gear  shaft  drives  a  floating  sun-gear  which  has  27 
teeth.  The  power  is  taken  out  through  the  planet  carrier.  There  are  three 
planet  gears  of  35  teeth  which  are  mounted  on  spherical  roller  bearings.  The 
ring  gear  (99  teeth)  is  splined  to  the  top  case  and  therefore  is  stationary. 

The  overall  gear  reduction  ratio  is  17.44:1. 


NASA  LEWIS  TEST  STAND 

Figure  5  shows  the  NASA  500  hp  helicopter  transmission  test  stand,  which 
was  used  to  run  the  self-excited  vibration  tests  (ref.  3).  The  test  stand 
operates  on  the  "four-square"  or  torque  regenerative  principle,  where  mechani¬ 
cal  power  is  recirculated  around  the  closed  loop  of  gears  and  shafting,  passing 
through  the  test  transmission.  A  149  kW  (200  hp)  variable  speed  dc  motor  is 
used  to  power  the  test  stand  and  control  the  speed.  Since  the  torque  and  power 
are  recirculated  around  the  loop,  only  the  losses  due  to  friction  have  to  be 
replenished. 

An  11  kW  (15  hp)  variable  speed  dc  motor  driving  against  a  magnetic  parti¬ 
cle  clutch  is  used  to  set  the  torque  in  the  test  stand.  The  output  of  the 
clutch  does  not  turn  continuously,  but  only  exerts  a  torque  through  the  speed 
reducer  gearbox  and  chain  drive  to  the  large  sprocket  on  the  differential  gear 
unit.  The  large  sprocket  is  the  first  input  to  the  differential.  The  second 
input  is  from  the  upper  shaft  which  passes  concentrically  through  the  hollow 
upper  gear  shaft  in  the  closing-end  gearbox.  The  output  shaft  from  the  differ¬ 
ential  gear  unit  is  the  previously  mentioned  hollow  upper  gear  shaft  of  the 
closing-end  gearbox.  The  torque  in  the  loop  is  adjusted  by  changing  the  elec¬ 
trical  field  strength  at  the  magnetic  particle  clutch.  The  input  and  output 
shafts  to  the  test  transmission  are  equipped  with  speed  sensors,  torque  meters, 
and  slip  rings. 
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NOISE  AND  VIBRATION  HEASUREMENIS 


Ihe  transmission  was  instrumented  with  accelerometers  with  a  flat  frequency 
response  up  to  10  kHZ,  installed  in  the  test  stand  and  operated  at  6060  rpm  and 
load  of  224  kW  (300  hp).  After  reaching  an  equilibrium  operating  temperature 
of  approximately  93  ®C  (200  “F),  the  accelerometer  signals  were  recorded  on  a 
14  channel  FM  tape  recorder  and  later  processed  with  a  digital  signal  processor 
to  get  the  vibration  spectra. 


Test  Cell  Measurements 

Vibration  spectra  have  been  extensively  measured  for  the  OH-58  transmission 
in  test  rigs  at  the  Corpus  Christi  Army  Depot  and  at  NASA  Lewis  (refs.  2  and 
3).  Measurements  were  made  for  a  matrix  of  test  conditions  and  thus  it  was 
determined  that  transmission  speed  had  a  significant  effect  while  torque  had  a 
small  effect  on  vibration  amplitude.  The  highest  magnitude  of  vibration  con¬ 
sistently  occurred  at  the  spiral  bevel  gear  mesh  frequency  for  a  variety  of 
accelerometer  locations.  A  typical  spectrum  is  shown  in  figure  6,  where  the 
accelerometer  was  located  in  the  plane  of  the  planetary  gear  stage,  just  above 
the  split-line  between  the  top  and  bottom  halves  of  the  transmission  housing. 


In-flight  Measurements 

In-flight  measurements  were  made  in  an  Ohio  National  Guard  OH-58  helicopter 
at  the  Akron-Canton  Airport.  Data  records  were  recorded  on  FM  magnetic  tape 
and  later  analyzed  using  a  spectrum  analyzer.  Microphone  and  accelerometer 
transducers  were  used.  One  of  the  accelerometers  was  placed  near  the  split 
line  of  the  transmission  upper  and  lower  housing  in  the  approximate  location 
that  was  used  to  obtain  the  result  shown  in  figure  6.  The  objective  of  placing 
the  accelerometer  was  to  have  a  comparison  with  data  collected  in  the  test 
cell.  A  second  accelerometer  was  placed  on  the  transmission  support  base  at 
the  cabin  roof.  The  purpose  of  this  was  to  characterize  the  structure  borne 
vibration  by  measuring  the  vibrations  on  the  airframe  at  a  point  in  the  path 
of  propagation.  Figure  7  shows  the  results  from  spectrum  analysis  of  the 
accelerometer  measurements.  Microphones  were  placed  head-high  in  the  vicinity 
of  the  copilot  station  and  the  aft  cabin.  The  objective  was  to  measure  the 
noise  perceived  by  passengers  and,  with  the  accelerometer  signals  in  hand, 
thereby  determine  the  severity  of  the  noise  components  due  to  the  transmission. 
Figure  8  shows  the  results  from  spectrum  analysis  of  the  noise  measurements. 


DISCUSSION  OF  RESULTS 

In  general,  the  vibration  spectra  contain  many  discrete  frequencies  where 
there  is  significant  concentrated  vibrational  energy.  The  frequencies  are 
identified  with  the  gear  mesh  frequencies  and  the  higher  harmonics  at  integer 
multiples  of  the  mesh  frequencies.  From  the  measurements  in  the  test  cell  it 
was  found  that  the  single  largest  contributor  to  the  transmission  housing 
vibration  was  the  spiral  bevel  gear  mesh  (fig.  6).  The  flight  data  were  con¬ 
sistent  with  these  findings  (fig.  7(a)),  except  for  some  additional  vibrational 
contributions,  which  have  not  yet  been  identified. 
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Analysis  of  the  flight  and  test  rig  data  indicates  that  the  highest  ampli¬ 
tude  of  transmission  vibration  occurs  at  the  bevel  gear  clash  frequency.  How 
ever,  for  transducer  locations  other  than  directly  on  the  transmission,  the 
flight  data  presented  some  different  conclusions  regarding  the  effect  of  trans¬ 
mission  vibration  on  the  cabin  noise.  Flight  data  (fig.  7(b))  from  accelero¬ 
meters  on  the  transmission  mount  at  the  cabin  attachment  point  show  that  the 
vibration  at  the  bevel  and  planetary  gear  mesh  frequencies  are  equal  to  one 
another  and  to  the  peak  amplitude  of  the  bevel  gear  vibration  measured  on  the 
transmission  case  (fig.  7(a)).  It  now  becomes  apparent  that  the  transfer  func¬ 
tion  from  the  housing  to  the  mounting  point  has  increased  the  relative  signifi¬ 
cance  the  planetary  gear  vibration.  This  could  be  due  to  structural  resonance 
or  to  vibration  from  the  planetary  gear  and  bevel  gear  being  transferred  along 
different  paths  resulting  in  an  apparent  increase  of  the  planetary  gear  vibra¬ 
tion  at  the  transmission/cabin  interface.  Based  on  this  observation,  one  might 
expect  the  planetary  and  bevel  gears  to  contribute  equally  to  the  cabin  noise. 

The  noise  generated  in  the  cabin  by  the  transmission  vibration  is  a  func¬ 
tion  of  the  transfer  function  between  the  transmission  and  the  cabin  interior 
and  the  acoustic  efficiency  of  the  process.  Since  the  process  is  unknown  at 
this  time,  it  is  necessary  to  rely  on  the  data  provided  by  the  cabin  micro¬ 
phones  (fig.  8).  The  noise  spectra  from  the  microphone  measurements  show  a 
trend  of  decreasing  amplitude  as  the  frequency  increases.  This  is  because  the 
higher  frequency  noise  waves  are  more  easily  absorbed  and  dissipated  in  the 
acoustic  transmission  process.  The  spectra  at  the  two  locations  (figs.  8(a) 
and  (b))  differ  only  slightly,  possibly  due  to  standing  wave  patterns  in  the 
cabin. 

The  transmission  related  noise  in  the  cabin  is  dominated  by  the  planetary 
gear  mesh  frequency.  This  indicates  that  reducing  the  vibration  generated  by 
the  planetary  gears  could  significantly  decrease  the  cabin  noise  level.  Atten¬ 
tion  should  also  be  directed  to  identification  and  reduction  of  the  noise 
source  that  exists  at  frequencies  below  400  Hz.  Therefore  it  apppears  that  the 
most  troublesome  noise  in  the  cabin  is  the  lowest  frequency  gear  noise  as  well 
as  other  low  frequency  noise  the  source  of  which  is  unknown  at  this  time.  In 
the  cabin,  the  bevel  gear  noise  is  significantly  below  the  planetary  gear 
noise.  It  may  be  concluded  that  if  the  large  amplitude  of  vibration  for  the 
bevel  gear  had  occurred  at  the  lower  frequency  of  the  planetary  gear  mesh 
frequency  there  would  be  even  higher  level  of  transmission  noise  in  the  cabin. 


NATURE  AND  CAUSES  OF  TRANSMISSION  NOISE 

Noise  generated  by  gears  is  due  to  many  mechanisms  such  as  mechanical 
impact  of  gear  teeth,  ejection  of  air  and  oil  from  between  the  gear  teeth,  the 
time  varying  stiffness  of  the  gear  mesh,  movement  of  the  load  on  the  gear 
tooth,  and  errors  in  gear  tooth  geometry  (refs.  6  to  10).  Many  of  these  mecha¬ 
nisms  are  inherent  to  transmissions  and  their  elimination  as  a  noise  source  is 
impossible.  It  is  believed  that  kinematic  error  is  the  most  significant  source 
of  noise  and  vibration  in  gearboxes.  Kinematic  errors  are  particularly  trou¬ 
blesome  for  spiral  bevel  gears.  The  spiral  bevel  gears  in  a  helicopter  trans¬ 
mit  high  power  at  high  speed,  so  elimination  of  kinematic  errors  can  reduce  the 
noise  and  vibration. 
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Kinematic  Errors 


Kinematic  errors  are  defined  as  the  deviations  from  a  constant  rate  of 
turning  of  the  driven  gear  while  the  driving  gear  turns  at  a  constant  rate 
(fig.  9).  If  a  set  of  gears  transmits  motion  without  kinematic  errors  then 
they  are  said  to  have  conjugate  motion  (horizontal  dashed  line  of  fig.  9). 

Each  parabolic  curve  shown  in  the  figure  represents  the  kinematic  error  for  one 
gear  tooth  as  it  moves  through  mesh.  Intersection  of  the  parabolic  curves  Is 
where  the  load  is  transferred  to  the  next  gear  tooth.  It  is  this  varying  gear 
ratio  that  provides  a  source  of  vibration  (noise)  excitation  to  the  gear 
system. 


Conjugate  Motion 

Conjugate  motion  results  if  the  vector  normal  to  the  gear  tooth  surfaces 
at  the  point  of  contact  passes  through  the  pitch  point  during  the  process  of 
meshing  (fig.  10).  This  requirement  is  satisfied  for  spur  gears  of  involute 
tooth  profile  under  very  light  load;  when  the  load  is  high,  the  elastic  deflec¬ 
tion  of  the  gear  teeth  upsets  the  condition  of  conjugacy.  The  involute  system 
of  tooth  shapes  for  spur  and  helical  gears  can  be  described  by  simple  mathemat¬ 
ical  expressions.  In  contrast  to  spur  gears,  there  is  no  equation  for  describ¬ 
ing  the  surface  of  a  spiral  bevel  gear  tooth.  The  surface  coordinates  of  the 
points  on  the  tooth  must  be  calculated,  based  on  the  generating  motions  of  the 
grinding  machine. 

As  currently  manufactured,  spiral  bevel  gears  do  not  have  conjugate  action. 
Spiral  bevel  gears  with  conjugate  action  were  examined  many  years  ago.  It  was 
found  that  if  the  gears  had  line  contact  between  the  teeth  then  they  were  very 
sensitive  to  shaft  misalignment.  This  resulted  in  very  poor  performance:  for 
even  slight  misalignment,  the  tooth  contact  moved  to  the  edge  of  the  tooth, 
causing  very  high  contact  stress,  noise  and  poor  life.  To  compensate  for  this 
sensitivity,  the  gears  had  to  be  made  with  something  called  "mismatch",  which 
is  a  crowning  of  the  tooth  profile  in  both  the  lengthwise  and  profilewise 
directions.  This  reduced  the  sensitivity  to  misalignments  but  it  also  compro¬ 
mised  noise,  because  conjugate  action  was  lost. 

The  process  of  grinding  teeth  on  a  spiral  bevel  gear  is  a  function  of  many 
different  settings  on  the  gear  grinding  machine.  Nominally  similar  gears  may 
result  from  several  different  sets  of  machine  settings.  Usually  the  machine 
settings  are  chosen,  the  gear  and  pinion  are  made,  and  the  gear  and  pinion  are 
tested  in  a  fixture  to  see  what  kind  of  contact  pattern  exists  between  the 
teeth.  Then  the  machine  settings  are  adjusted  to  improve  the  contact  pattern 
between  the  teeth,  and  the  gears  are  ground  again.  The  process  may  have  to  be 
repeated  several  times. 

It  is  possible  to  determine  the  contact  pattern  and  kinematic  errors,  based 
on  a  given  set  of  machine  settings.  This  procedure  is  extremely  complicated 
and  must  be  done  using  a  computer  (refs.  11  and  12).  The  basis  for  the  mathe¬ 
matical  methods  is  vector  analysis  and  differential  geometry. 

The  way  of  visualizing  how  the  meshing  of  spiral  bevel  gears  with  zero 
kinematical  errors  takes  place  is  similar  to  the  spur  gear  example  (refs.  13 
and  14).  Recall  from  the  spur  gear  example  (fig.  10),  that  the  surface  normal 
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at  the  contact  point  always  passes  through  a  fixed  point  In  space-the  pitch 
point.  For  the  bevel  gears,  which  can  be  Imagined  as  two  pitch  cones  rolling 
against  one  another  at  a  pitch  line  (fig.  11),  the  normal  to  the  tooth  surfaces 
at  the  contact  point  should  pass  through  a  fixed  line  In  space, --the  pitch 
line. 

If  we  require  that  the  tooth  surface  normal  vector  always  passes  through 
the  pitch  line,  and  If  we  require  that  the  tooth  surface  normal  be  constrained 
to  move  parallel  to  Itself  as  the  contact  point  shifts  across  the  tooth,  then 
the  gears  will  have  zero  kinematic  errors.  The  problem  becomes  one  of  how  to 
achieve  this  type  of  motion  by  the  Intelligent  selection  of  the  machine  set¬ 
tings  for  the  gears  to  be  manufactured.  This  has  been  accomplished  through  the 
kinematic  modelling  of  the  manufacturing  process  (ref.  15),  which  results  in  a 
set  of  nonlinear  equations  that  must  be  solved  simultaneously  using  numerical 
methods. 


AVAILABLE  SUPPORTING  TECHNOLOGY 

Helicopter  cabin  noise  Is  significantly  affected  by  the  transmission  and 
In  particular  the  gears  In  the  transmission.  Gears  are  a  source  of  high  vibra¬ 
tion  and  have  been  the  subject  of  study  for  years  in  research  investigations 
too  numerous  to  mention  here.  There  has  also  been  a  significant  amount  of 
NASA/Army  sponsored  research  that  Is  pertinent.  For  that  work  to  be  truly 
useful.  It  must  be  brought  to  the  attention  of  gear  and  transmission  designers 
and  researchers.  The  work  falls  into  the  categories  of  Dynamic  Load  Analysis, 
Tooth  Profile  Modification,  and  Measurement  Tools. 


Dynamic  Load  Analysis 

Dynamic  load  Is  defined  as  the  load  on  the  gear  tooth  as  a  function  of  time 
and  position  as  the  gear  rotates.  Dynamic  loads  are  caused  by  the  Interaction 
of  the  mass  of  the  gear  and  driven  elements  and  the  stiffness  of  the  gear 
tooth.  Usually  the  gear  system  Is  modelled  with  second  order  differential 
equations  with  time  varying  stiffness  parameters.  The  stiffness  changes 
because  the  number  of  gear  teeth  In  mesh  varies  as  the  gears  rotate.  The 
average  number  of  teeth  in  mesh  Is  called  the  contact  ratio.  The  Hamilton 
Standard  division  of  United  Technologies,  under  a  NASA  contract  has  developed 
two  computer  programs  for  the  calculation  of  gear  dynamic  loads  (refs.  16  and 
17).  Computer  program  GRDYNSNG  Is  for  a  single  pair  of  spur  gears  In  mesh. 

The  model  Includes  two  rotational  degrees  of  freedom,  and  time  varying  tooth 
stiffness.  Contact  ratios  between  one  and  three  are  possible,  and  variations 
of  the  tooth  from  Involute  form  are  possible.  An  option  permits  a  buttress 
form  tooth,  which  has  a  lesser  pressure  angle  on  the  drive  side  than  the  coast' 
side.  Computer  program  GRDYNMLT  extends  the  capability  of  GRDYNSNG  to  Include 
multiple  gear  mesh  conditions  such  as  present  In  a  planetery  gear  stage. 

The  Cleveland  State  University  has  developed  computer  program  PGT  which 
calculates  dynamic  loads  on  planetary  gear  trains.  The  dynamic  model  has  9® 
of  freedom,  and  Is  able  to  analyze  a  planetary  gear  train  with  three  planet 
gears.  A  variable  mesh  stiffness  Is  used.  Including  the  effects  of  planet 
phasing  and  location  errors.  The  analysis  can  be  used  to  study  static  and 
dynamic  load  sharing  among  planets,  tooth  errors  and  Intentional  profile 
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modifications  (ref.  18).  The  computer  programs  PGT  and  GRDYNMLT  have  been 
compared  with  each  other  and  with  experimental  data  from  full  scale  transmis¬ 
sion  experiments  (ref.  19). 

The  gear  tooth  stiffness  that  is  modelled  in  most  gear  dynamic  computer 
programs  is  static  tooth  stiffness.  A  more  realistic  stiffness  model  has  the 
load  moving  across  the  profile  of  the  tooth  as  the  gears  rotate;  the  effect 
becomes  very  significant  at  high  speeds.  The  influence  of  moving  load  was 
investigated  under  a  NASA  sponsored  grant  at  Michigan  Technological  University 
(ref.  20).  The  University  of  Cincinnati  investigated  the  effect  on  involute 
and  straight  tooth  forms  (ref.  21)  and  developed  a  computer  program  to  study 
the  effects  of  parametric  variations  on  gear  dynamic  load  (refs.  22  to  23). 

Computer  program  TELSGE  was  developed  by  Northwestern  University,  where  the 
gear  tooth  stiffness  was  determined  by  finite  elements.  The  model  is  for  a 
simple  spur  gear  mesh  with  2®  of  freedom,  and  includes  the  effect  of  the  thin 
film  of  lubricant  between  the  gear  teeth  (ref.  24).  The  problem  of  dynamic 
loads  in  spiral  bevel  gears  is  extremely  complex  due  to  the  tooth  geometry  and 
the  additional  degrees  of  freedom  necessary  for  even  a  simple  mesh  of  two 
gears.  In  reference  25  the  concepts  of  reference  24  were  extended  to  the  case 
of  spiral  bevel  gears  using  12®  of  freedom.  The  study  was  for  a  particular 
pair  of  gears  and  the  results  are  not  generally  applicable  to  all  spiral  bevel 
gear  pairs.  There  is  continuing  work  at  Bolt  Beranek  and  Newmann  to  investi¬ 
gate  the  noise  generating  mechanism  for  bevel  gears  (NASA  contract  NAS3-23703). 


Tooth  Profile  Modification 

Tooth  profile  modification,  especially  tip  relief  is  a  commonly  used  method 
to  control  the  amplitude  of  dynamic  load  in  gears.  There  is  no  concensus  among 
researchers  on  what  is  the  best  or  optimum  shape  of  tooth  profile  modification. 
A  study  of  the  problem  was  conducted  by  Bolt  Beranek  and  Newmann  using  a  con¬ 
ventional  modification  consisting  of  linear  tip  relief,  in  comparison  to  a  new 
profile  that  was  determined  on  the  basis  of  minimum  vibration  excitation 
(ref.  26).  Significant  differences  in  the  dynamic  forces  transmitted  by  the 
teeth  are  predicted  for  the  two  cases.  In  contrast  to  all  the  methods  reviewed 
so  far,  the  Bolt  Beranek  and  Newmann  approach  uses  the  frequency  domain,  rather 
than  integrating  equations  of  motion  in  the  time  domain. 

The  noise  from  spiral  bevel  gears  is  thought  to  come  primarily  from  the 
kinematic  errors  that  are  inherent  in  the  manufacture  of  the  gear  teeth.  A 
study  to  determine  a  way  to  manufacture  the  gears  eliminating  the  kinematic 
errors  was  conducted  by  Litvin  at  the  University  of  Illinois  (ref.  27).  The 
result  of  the  analysis  is  to  provide  new  settings  for  the  bevel  gear  grinder 
so  that  the  gears  are  manufactured  with  a  conjugate  tooth  shape. 


Measurement  Tools 

The  measurement  of  gear  noise  is  usually  performed  using  accelerometers 
placed  on  the  gearbox  housing.  As  the  measurements  have  shown  in  this  paper, 
the  highest  contributor  to  noise  can  best  be  found  under  realistic  conditions 
of  running  the  gearbox,  while  using  a  microphone.  The  conditions  in  a  test 
cell  are  not  conducive  for  exacting  microphone  measurements  due  to  the  presence 
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of  other  machinery  and  accessories  in  the  test  cell  that  contribute  to  the 
noise.  In  addition,  the  noise  field  is  complex  and  a  single  microphone  in  the 
test  cell  may  not  be  definitive.  The  element  of  personal  safety  in  the  test 
cell  often  precludes  manual  movement  of  microphones  during  a  test  run.  The 
problem  of  test  cell  measurements  was  studied  by  Flanagan  and  Atherton 
(ref.  28)  and  their  solution  was  to  use  a  robot-held  acoustic  intensity  probe. 
Acoustic  intensity  measurements  are  made  with  two  closely  spaced  microphones 
which  measure  the  sound  power  passing  a  stationary  point.  The  total  sound 
power  emanating  from  a  source  (the  gearbox)  can  be  obtained  by  measuring  the 
intensity  around  the  source  and  integrating  over  the  surface  enclosing  the 
source.  Since  intensity  is  a  vector  quantity,  sources  external  to  the  gearbox 
will  make  a  net  zero  contribution.  The  advantage  of  the  intensity  method  is 
that  a  specially  treated  anechoic  chamber  is  not  needed.  The  robotic  acoustic 
intensity  measurement  system  (RAIMS)  is  shown  in  figure  12. 

Kinematic  error  has  been  explained  previously.  The  theoretical  aspect  of 
kinematic  error  is  well  appreciated  by  gear  theoreticians  but  there  is  cur¬ 
rently  no  practical  machine  to  measure  the  kinematic  error  of  gears  while  the 
gears  are  loaded.  A  design  study  for  such  a  machine  was  conducted  by  Houser 
(ref.  29).  Until  such  a  machine  is  built,  progress  in  gear  noise  reduction 
will  be  limited  because  of  our  incomplete  understanding  of  the  Influence  of 
transmission  errors  and  gear  tooth  flexability  on  noise. 

These  tools  need  to  be  exploited  and  further  developed  to  improve  their 
usefulness  in  specific  application  to  solving  noise  and  vibration  problems  in 
helicopter  transmissions. 


CURRENT  RESEARCH  APPROACH 

There  are  three  general  fronts  on  which  we  can  attack  the  helicopter  cabin 
noise  problem:  by  using  acoustic  treatments  in  the  cabin,  by  using  isolation 
methods,  and  by  reducing  the  source  of  noise  excitation  (fig.  13).  The 
acoustic  treatment  approach  has  generally  worked  in  the  past  but  at  the  expense 
of  added  weight  as  well  as  added  cost.  New  methods  such  as  advanced  light¬ 
weight  sound  treatments,  and  optimum  usage  of  those  treatments  should  be 
investigated.  The  work  should  emphasize  a  minimum  weight  penalty  for  the 
necessary  noise  reduction.  The  Isolation  approach  can  be  used  to  manage  the 
energy  paths  of  the  vibration  and  noise  and  prevent  them  from  efficiently 
passing  the  energy  to  the  cabin  interior.  New  approaches  to  isolation  can 
result  from  structural  modification  with  special  attention  to  the  acoustic/ 
dynamic  coupling.  Vibration  absorbers  should  also  be  investigated.  These 
could  be  active  or  passive  and  placed  anywhere  in  the  energy  path.  Reduction 
of  the  noise  by  reducing  the  vibration  at  the  gear  mesh  is  attractive  because 
it  could  have  benefits  of  increased  life  and  reliability  as  well.  The  gear 
mesh  dynamics  could  be  improved  with  new  tooth  forms  for  low  noise.  Increased 
damping  mechanisms  within  the  gearbox  could  absorb  the  energy  being  transmitted 
to  the  cabin.  An  improvement  of  the  overall  transmission  system  dynamics  could 
be  achieved  with  new  design  techniques  for  housings,  bearings,  gears,  and 
shafts  based  on  dynamic  and  vibrational  criterion.  Advanced  bearing  mounts, 
and  damper  pads  could  result  in  lower  dynamic  loads. 

The  role  of  NASA  Lewis  and  Langley  Research  Centers  will  be  to  coopera¬ 
tively  research  the  cabin  noise  problem,  to  concentrate  in  the  traditional 
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areas  of  their  respective  expertise,  and  to  provide  the  enabling  technology  to 
the  industry  for  use  in  effectively  reducing  cabin  noise. (fig.  14).  Langley 
will  concentrate  in  areas  such  as  cabin  noise  characterization,  structural 
modification  and  advanced  treatments.  NASA  Lewis  will  investigate  ways  of 
quieting  the  gearbox.  The  gear  mesh  will  be  studied  for  ways  to  reduce  dynamic 
loads  with  new  tooth  forms  and  tooth  profile  modification.  Damping  techniques, 
detuning,  and  system  optimization  will  be  investigated. 


CONCLUDING  REMARKS 

This  paper  has  described  work  conducted  by  NASA  Lewis  in  measuring  cabin 
interior  noise  and  in  relating  the  noise  spectrum  to  the  gear  vibration  for  the 
Army's  OH-58  helicopter.  Noise  and  vibration  data  were  collected  and  analyzed 
from  flight  tests  and  from  ground-based  tests  in  a  transmission  test  stand. 

Our  current  understanding  of  the  nature  and  causes  of  gear  and  transmission 
noise  was  discussed.  This  paper  summarized  NASA/Army  sponsored  research  that 
applies  to  transmission  noise  reduction.  The  continuing  research  program  was 
also  reviewed.  The  following  remarks  summarize  the  important  conclusions. 

1.  During  the  last  20  yr  helicopter  cabin  noise  due  to  the  gear  train  has 
continued  to  increase  with  the  power-to-weight  ratio  of  the  transmissions. 

This  has  required  that  additional  sound  treatment  material  be  added,  causing  a 
weight  penalty  to  the  total  helicopter  system. 

2.  A  large  portion  of  the  cabin  noise  is  contained  in  discrete  frequencies 
associated  with  gear  mesh  behavior.  It  is  believed  that  significant  reductions 
of  noise  can  be  achieved  if  gear  vibrations  within  the  transmission  are 
reduced.  The  single  largest  contributor  to  the  transmission  vibration  is  the 
spiral  bevel  gear  mesh  and  the  planetary  gear  train  is  a  major  source  of  cabin 
noise.  The  authors  believe  that  the  kinematical  errors  of  the  gear  mesh  have 

a  strong  influence  on  the  noise. 

3.  Several  analytical  design  tools  have  been  developed  that  will  be  useful 
in  reducing  gear  noise  excitation,  viz.,  minimum  excitation  gear  profile  design 
techniques  and  dynamic  load  analysis  computer  codes.  Also,  the  robotic 
acoustic  intensity  system  (RAIMS)  for  measuring  noise  in  a  noisy  test  cell 
environment  will  be  a  valuable  tool  for  measuring  and  comparing  the  relative 
noisiness  of  advanced  components  and  transmission  systems  compared  to  baseline 
technology  levels.  These  tools  need  to  be  exploited  and  further  developed  to 
Improve  their  usefulness  in  specific  applications. 

4.  NASA  Lewis  and  Langley  Research  Centers  with  the  cooperation  of  the 
collocated  Army  Research  Centers  are  continuing  to  perform  focussed  research 
for  reducing  the  cabin  noise  of  future  helicopters.  This  will  be  accomplished 
by  developing  the  enabling  technology  for  reduced  gear  noise,  reduced  noise 
propagation  to  the  cabin  and  advanced  acoustical  treatments  of  the  cabin 
interiors. 
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EXCESSIVE  INTERNAL  NOISE  LEVELS 
IN  CURRENT  HELICOPTERS 

•  DISCOMFORT,  ANNOYANCE,  AND  FATIGUE  OF 

CREW  AND  PASSENGERS 

•  VOICE  COMMUNICATIONS  ARE  DISRUPTED 
•CREW  PERFORMANCE  IS  DEGRADED 

•  PERMANENT  HEARING  LOSS 


•TRANSMISSION  IS  THE  MAJOR 
SOURCE  OF  INTERNAL  NOISE 


WEIGHT  (li/kp) 

•TRANSMISSION  NOISE  INCREASES  •TRANSMISSION  NOISE  INCREASES  WITH 
WITH  LARGER  HELICOPTERS  NEWER,  LIGHT  WEIGHT  TRANSMISSIONS 

FIGURE  1.  -  THE  HISTORIC  TREND  FOR  THE  PAST  20  rR  HAS  HIGHER  POKER,  GREATER  POHER-TO- 
WEIGHT  RATIO  AND  INCREASING  TRANSMISSION  NOISE. 


FIGURE  2.  -  THE  NOISE  FROM  THE  TRANSMISSION  TRAVELS  VIA  STRUCTURAL-BORNE  AND  DIRECT  AIR¬ 
BORNE  PATHS  TO  THE  CABIN  HALLS  AND  IS  RADIATED  TO  THE  CABIN  INTERIOR. 
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FIGURE  3.  -  THE  OH  58  IS  THE  ARMY'S  LIGHT  OBSERVATION  HELICOPTER.  THE  CIVIL  VERSION 
(SHOWN)  IS  THE  MODEL  206. 


CD-82-12990 


FIGURE  9.  -  OH  58  HELICOPTER  TRANSMISSION. 


1058 


DIF 


ACCELERATION.  dB  CONSISTENT  REUTIVE  SCALE  PEAK-TO-PEAK  VIBRATION.  G's 


0  1  2  3  A 


FREQUENCY.  kHz 

(B)  DECIBEL  SCALE  FOR  VIBRATION  AMPLITUDE. 

FIGURE  6.  -  VIBRATION  SPECTRUM  OF  AMPLITUDE  VERSUS  FREQUENCY  AS  MEASURED  IN  NASA  TEST 
STAND.  ACCELEROMETER  MOUNTED  ON  CASE  NEAR  RING  GEAR.  NOTE  THAT  VIBRATION 
ENERGY  IS  CONCENTRATED  AT  THE  GEAR  MESHING  FREQUENCIES  AMD  THEIR  HIGHER 
HARMONICS. 
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FREQUENCY,  kHz 


(B)  ACCELEROMETER  MOUNTED  ON  TRANSMISSION  SUPPORT  BASE  AT  ATTACHMENT 
TO  CABIN  ROOF. 

FIGURE  7.  -  VIBRATION  SPECTRUM  OF  AMPLITUDE  VERSUS  FREQUENCY  AS  MEASURED 
IN  FLIGHT.  VIBRATION  ENERGY  IS  CONCENTRATED  AS  A  FEW  DISCRETE  FRE¬ 
QUENCIES  AND  THEIR  HIGHER  HARMONICS.  NATURE  OF  THE  SPECTRUM  IS 
SIMILAR  TO  TEST  CELL  MEASURED  DATA. 
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(B)  MICROPHONE  PLACED  IN  THE  AFT  CABIN. 

FIGURE  8.  -  NOISE  SPECTRUM  OF  SOUND  PRESSURE  LEVEL  VERSUS 
FREOUENCY  MEASURED  DURING  FLIGHT.  PEAKS  IN  THE  SPECTRUM 
HAVE  BEEN  IDENTIFIED  AS  TRANSMISSION  ORIGINATED.  THE 
HIGHER  FREQUENCIES  ARE  ATTENUATED. 


1062 


FIGURE  11.  -  BEVEL  GEARS  ARE  REPRESENTED  BY  THEIR  PITCH 
CONES  IN  ROLLING  CONTACT.  THE  PITCH  LINE  IS  THE 
CORRESPONDENT  TO  PITCH  POINT  FOR  SPUR  GEARS. 


FIGURE  10.  -  CROSS  SECTION  OF  SPUR  GEAR  TEETH  IN  MESH. 
THE  KINEMATIC  ERRORS  ARE  ZERO  IF  THE  NORMAL  TO  THE 
TEETH  AT  THE  CONTACT  POINT  PASSES  THROUGH  THE  PITCH 
POINT  AS  THE  GEARS  ROTATE. 
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NOISE 
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INTERNAL  NOISE 
REDUCTION 


ACOUSTIC  TREATMENT 
.  IMPROVE  MATERIALS 
•MINIMIZE  WEIGHT 
PENALTY 


REDUCE  VIBRATION 
AT  SOURCE 

•  IMPROVE  GEAR  MESH  | 
•INCREASE  DAMPING 

•  IMPROVE  SYSTEM 

DYNAMICS 


ISOLATION 

•ACOUSTIC/DYNAMIC  | 
UNCOUPLING 
•VIBRATION 
ABSORBERS 


FIGURE  13.  -  NOISE  REDUCTION  CAN  BE  ACHIEVED  BY  USING  ACOUSTIC 
TREATMENTS,  ISOLATION  TECHNIQUES,  AND  REDUCING  THE  SOURCE. 
LEWIS  WILL  CONCENTRATE  ON  REDUCING  THE  SOURCE. 


•NOISE  AT  GEAR  MESH  SOURCE 

•  AIRBORNE  AND  STRUCTUREBORNE  NOISE  FROM 
TRANS.  HOUSING 

•GEAR  MESH.  DAMPING.  DETUNING,  OPTIMIZATION  I 


CABIN  NOISE 

AIRBORNE  AND  STRUCTUREBORNE  NOISE 
THROUGH  AIRFRAME  INTO  CABIN 
ACOUSTIC  TREATMENT,  ISOLATION, 
COMPOSITE  AIR-FRAME,  ACTIVE  CONTROL 


•TECHNOLOGY  TO  ENABLE  REDUCED  INTERNAL 
NOISE  LEVELS  IN  HELICOPTER  CABINS 
WITHOUT  EXCESSIVE  WEIGHT  PENALTY 


FIGURE  1^1.  -  THE  ROLE  OF  LEWIS  AND  LANGLEY  IS  TO  FOCUS  ON  THE  AREAS  OF  THEIR  EXPERTISE 
AND  COOPERATIVELY  PROVIDE  ADVANCED  TECHNOLOGY  TO  THE  INDUSTRY  FOR  USE  IN  EFFECTIVELY 
REDUCING  CABIN  NOISE. 
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A  DECADE  OF  AEROACOUSTIC  RESEARCH  AT  NASA  AMES  RESEARCH  CENTER 


F.  H.  Schmitz,  M,  Mosher,  C.  Kitaplioglu,  J.  Cross,  and  I.  Chang 

Ames  Research  Center 


SUMMARY 


The  rotorcraft  aeroacoustic  research  accomplishments  of  the  past  decade  at  Ames 
Research  Center  are  reviewed.  These  include  an  extensive  sequence  of  flight, 
ground,  and  wind-tunnel  tests  that  have  utilized  unique  facilities  to  guide  novel 
and  pioneering  theoretical  research.  Many  of  these  experiments  were  of  benchmark 
quality.  They  have  been  used  to  isolate  the  inadequacies  of  linear  theory  in  high¬ 
speed  impulsive  noise  research,  have  led  to  the  development  of  new  theoretical 
approaches,  and  have  guided  the  emerging  discipline  of  computational  fluid  dynamics 
to  rotorcraft  aeroacoustic  problems.  The  results  reported  here  have  been  achieved 
by  a  dedicated  team  of  NASA  researchers  with,  in  many  cases,  the  cooperation  and 
assistance  of  personnel  at  the  co-located  Army  rotorcraft  center. 


INTRODUCTION 


Within  its  role  of  lead  center  for  rotorcraft,  NASA  Ames  Research  Center  (ARC) 
has  had  an  active  role  in  rotorcraft  aeroacoustic  research  for  the  past  10  years. 

The  major  contributions  have  involved  and  drawn  upon  an  extensive  implicit  knowledge 
of  the  integrated  disciplines  of  the  helicopter  itself — including  rotary-wing  aero¬ 
dynamics,  performance,  and  dynamics.  This  knowledge,  which  resides  at  Ames  because 
of  its  interdisciplinary  rotorcraft  research  programs,  has  had  a  profound  influence 
on  rotorcraft  acoustics.  Significant  advances  have  been  made  in  theory  development 
as  well  as  in  the  utilization  and  development  of  unique  acoustic  testing  tech¬ 
niques.  In  many  cases,  NASA  researchers  have  worked  with  researchers  of  the  Aero- 
flightdynamics  Directorate,  U.S.  Army  Research  and  Technology  Activity,  which  is 
co-located  at  Ames  Research  Center.  In  effect,  this  close  working  arrangement 
substantially  augmented  the  net  effort  in  acoustic  research — helping  make  it  a  very 
productive  cooperative  effort.  The  results  presented  here,  were  accomplished  for 
the  most  part  by  NASA  researchers.  A  companion  paper  addressing  the  Army  contribu¬ 
tions,  with  NASA  support,  is  also  presented  at  this  conference. 

Understanding,  predicting,  and  reducing  helicopter  noise  is  important  to  both 
the  civilian  and  military  communities.  For  civilian  operation,  noisy  helicopters 
limit  the  acceptability  of  their  operation  in  many  locations,  thus  limiting  the 
commercial  market  for  them.  For  military  operations,  loud  detectable  helicopters 
are  easy  to  locate  by  even  the  most  unsophisticated  enemy.  Early  research  into 
mechanisms  that  could  produce  the  loud  characteristic  noises  of  helicopters  yielded 
many  hypotheses — even  some  remarkable  theoretical  approaches  that  attempted  to 
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quantify  different  parts  of  the  composite  noise  picture.  Frequency-based  methods 
were  most  often  used  to  characterize  rotor  noise,  dividing  it  into  two  general 
classes:  harmonic  and  broadband  noise  sources  (ref.  1).  Little  attention  was  paid 
to  the  phase  of  the  resulting  spectral  analysis  for  either  source  of  noise.  In 
effect,  noise  levels  were  often  compared  with  measured  harmonics  to  decide  if  the 
mechanism  being  predicted  matched  the  measured  data. 

Unfortunately,  this  frequency-domain  approach  (without  phase  information)  did 
not  lead  to  a  complete  understanding  of  the  governing  noise  mechanisms.  In  hind¬ 
sight,  it  turns  out  that  many  different  sources  of  noise  can  combine  to  yield  what 
appear  to  be  acceptable  theoretical-experimental  comparisons  of  harmonic  levels.  In 
a  great  many  cases,  a  more  thorough  comparison  would  have  shown  that  theory  and 
experiment  did  not  really  agree  if  the  relative  phases  of  the  harmonic  noise  sources 
were  included  in  the  comparison.  This  was  especially  true  for  "impulsive  noise 
sources" — unquestionably  some  of  the  most  important  sources  of  rotorcraft  noise. 


ACOUSTIC  FLIGHT  AND  GROUND  TESTING 


In  1974,  a  new  method  of  measuring  helicopter  noise  was  conceived  (ref.  2)  and 
implemented  in  a  joint  program  with  the  Army  Aeroflightdynamics  Directorate,  the 
Army  Aviation  Engineering  Flight  Activity,  and  ARC.  A  relatively  quiet  fixed-wing 
aircraft  (0V-1C)  was  equipped  with  a  tail-mounted  microphone  and  an  on-line  data 
acquisition  system  to  measure  and  record  the  in-flight  external  noise.  Conditions 
known  to  produce  helicopter  noise  were  first  established  by  the  quiet  fixed-wing 
aircraft,  and  the  helicopter  was  then  flown,  at  selected  positions  relative  to  it, 
in  a  station-keeping  mode  (fig.  1).  Data  gathered  in  this  manner  yielded  the  first 
undistorted  picture  of  many  helicopter  noise  sources.  Using  a  simple  plot  of  acous¬ 
tic  pressure  time-histories  it  was  possible  to  distinctly  trace  the  various  noise 
sources.  The  absence  of  ground  reflections  and  Doppler  shifts  that  are  inherent  in 
ground-measured  data  made  the  quantification  of  theoretical  approaches  possible. 

This  in-flight  measurement  technique  was  enhanced  by  the  selection  of  the 
Lockheed  Y0-3A  aircraft  as  the  replacement  for  the  OV-1.  The  Y0-3A  had  been 
designed  for  use  as  a  low-altitude  observation  aircraft  during  the  Vietnam  era  and 
was,  by  design,  an  extremely  quiet  aircraft.  The  initial  testing  with  a  Y0-3A, 
provided  and  supported  by  the  Federal  Bureau  of  Investigation  (FBI),  involved  mea¬ 
suring  the  radiated  noise  of  both  the  two  UTTAS  (YUH-60  and  61)  and  the  two  AAH 
(YAH-63,  -64)  prototypes  during  the  Army's  competitive  evaluation.  For  these  series 
of  tests,  the  Y0-3A  was  outfitted  with  three  microphones  and  an  in-flight  data 
acquisition  system.  As  a  result  of  these  early  successes,  in  1977  ARC  acquired  its 
own  Y0-3A  acoustic  research  aircraft  (fig.  2)  and  dedicated  it  to  the  task  of  mea¬ 
suring  the  acoustic  emissions  of  low-speed  flying  vehicles — especially  rotorcraft. 

Over  the  past  8  years,  ARC  has  operated  this  unique  facility  in  a  variety  of 
acoustic  research  programs.  These  have  included  in-flight  measurements  of  the  new 
composite  "747"  main  rotor  blades  for  the  AH-1  series  helicopter,  both  tapered-tip 
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V 

Figure  1.-  Schematic  of  in-flight  far-field  measurement  technique  (from  ref.  2) 


Figure  2.-  Ames  Y0-3A  quiet  aircraft  noise-measurement  platform. 
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(fig.  3)  and  ogee-tip  designs  (refs.  3  and  4),  500-t)  four-bladed  and  two-bladed 
tail-rotor  measurements,  AH-1G  pressure  instrumented  rotor  blades  (ref.  5),  the 
AH-64  production  baseline  rotor,  and  the  UH-60  production  baseline  rotor.  In 
several  of  these  programs,  acoustic  measurements  were  also  made  on  ground  arrays, 
using  traditional  flyover  measurement  techniques.  During  the  500-D  and  AH-1G  tests, 
the  flyover  testing  was  done  while  flying  in  formation  with  the  Y0-3A,  thereby  com¬ 
pletely  documenting  the  emission  characteristics  of  the  subject  helicopter.  These 
two  tests  were  conducted  with  assistance  from  NASA  Langley  Research  Center  (LRC), 
the  lead  center  for  acoustic  research. 


Figure  3.-  yO-3A  in-flight  acoustic  measurements  of  AH- IS  helicopter  with  747 
taper-tipped  fiberglass  main-forot  blades. 


The  Y0-3A  Acoustic  Research  Aircraft  will  continue  to  be  a  vital  facility  for 
future  aeroacoustic  research  programs.  To  enhance  the  capabilities  of  the  Y0-3A, 
measurement  and  station-keeping  equipment  are  currently  being  upgraded.  A  helicop¬ 
ter  acoustics  laser  positioning  system  (HALPS),  is  designed  to  give  the  precise 
position  of  the  test  aircraft  relative  to  the  Y0-3A,  and  to  measure  the  test  air¬ 
craft's  azimuth,  elevation,  and  range  to  the  Y0-3A.  The  HALPS  displays  these  values 
to  the  flight  engineer  aboard  the  Y0-3A,  and  transmits  them  to  the  test  aircraft, 
where  a  glide-slope  indicator  displays  the  information  for  the  pilot,  allowing  him 
to  establish  and  maintain  precise  formation  flight.  The  flight-test  engineer  sets 
the  desired  aircraft  formation  with  the  use  of  a  hand-held  terminal.  The  accuracy 
of  the  system  during  bench  testing  has  been  of  the  order  of  ±1  ft.  Although  HALPS 
has  yet  to  be  used  to  acquire  flight  data,  it  promises  a  significant  improvement 
over  the  current  optical  ranging  system.  HALPS  offers  the  additional  benefit  of 
having  the  range  data  recorded,  along  with  the  measured  acoustic  data,  on  the 
on-board  tape  recorder  for  use  during  postflight  analysis. 
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The  large  number  of  different  types  of  rotorcraft  at  Ames  has  facilitated  many 
static  and  flyover  noise-measurement  programs,  including  the  Rotor  Systems  Research 
Aircraft  (RSRA)  and  XV-15  Tilt  Rotor  Research  Aircraft.  Acoustic  measurements  over 
microphone  ground  arrays  and  during  tie-down  tests  led  to  both  a  near-  and  a  far- 
field  acoustic  description  of  the  XV-15  tilt-rotor  aircraft  (fig.  4).  These  near¬ 
field  measurements  were  instrumental  in  demonstrating  that  cabin  noise  in  the  XV-15 
cockpit  was  not  a  serious  problem.  Acoustic  measurements  taken  at  the  Outdoor  Aero¬ 
dynamic  Research  Facility  (OARF)  have  evaluated  new  higher-performance  and  lower- 
noise  rotor  blades  for  tilt-rotor  aircraft  (ref.  6).  Some  of  these  experimental 
findings  have  enhanced  the  knowledge  base  that  has  been  used  in  the  design  of  the 
Navy's  V-22  Osprey — the  world's  first  operational  tilt-rotor  aircraft. 


Figure  4.-  XV-15  tilt  rotor  tie-down  noise  tests. 


WIND-TUNNEL  ACOUSTIC  MEASUREMENTS 


The  NASA  Ames  40-  by  80-Foot  Wind  Tunnel,  or  40  x  80,  has  been  the  free  world's 
largest  low-speed  wind  tunnel.  Before  the  1980  upgrade,  it  had  been  used  to  gather 
important  research  data,  including  acoustic  measurements  on  many  full-scale  rotor- 
craft  systems.  Because  of  the  acoustically  hard  metal  walls  of  the  40  x  80  test 
section,  the  acoustic  measurements  taken  before  the  1980  wind  tunnel  modification 
are  not  entirely  representative  of  free-field  data.  The  absolute  sound  levels  are 
noticeably  distorted  by  the  reverberant  characteristics  of  the  test  section.  This 
distortion  precludes  detailed  understanding  of  the  acoustic  field;  however,  compari¬ 
son  of  overall  noise  levels  is  still  possible.  These  early  measurements  were  impor¬ 
tant  because  they  were  able  to  show  the  trends  of  sound  levels  with  key  parametric 
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changes.  They  were  also  used  to  assess  gross  noise  level  differences  between  new 
rotorcraft  concepts. 

One  of  the  first  attempts  at  measuring  noise  in  the  40  x  80  was  made  in  1967 
(ref.  7).  A  two-bladed  Bell  UH-1D  helicopter  was  tested,  in  a  standard  and  in  a 
thin-tipped  rotor  blade  configuration,  at  advancing-tip  Mach  numbers  of  0.7  through 
Mach  1.0.  Two  microphones,  which  were  placed  in  the  test  section  about  1.1  and 
1.4  diam  upstream  of  the  rotor,  successfully  recorded  very  loud  impulsive  noise 
levels  at  high  advancing-tip  Mach  numbers.  Although  the  absolute  levels  were  con¬ 
taminated  by  tunnel-reverberation  effects,  the  noise  level  trends  were  basically 
correct,  showing  that  impulsive  noise  harmonics  increase  dramatically  with  advanc¬ 
ing-tip  Mach  numbers  and  that  thin-tipped  rotor  blades  can  substantially  reduce 
high-speed  impulsive  noise. 

In  the  spring  of  1977,  the  44-ft-diam  Sikorsky  S-76  main  rotor  with  four  inter¬ 
changeable  tips  (rectangular,  swept,  tapered,  and  swept-tapered)  was  tested  in  the 
40  X  80  (refs.  8  and  9).  This  rotor  system,  shown  in  figure  5,  mounted  in  the  test 
section  of  the  40  x  80  incorporated  state-of-the-art  aerodynamics  and  represented 
Sikorsky  Aircraft's  design  for  the  executive  helicopter  commuter  market.  The  test 
envelope  was  extensive,  spanning  tunnel  speeds  of  30  to  175  knots,  advance  ratios  of 
0.075  to  0.4,  advancing-tip  Mach  numbers  of  0.64  to  0.97,  rotor  lift  coefficients 
divided  by  solidity  of  0,0  to  0.14,  and  rotor  shaft  angles  of  -10°  to  +10°.  Consid¬ 
erable  data  were  acquired  for  simulated  high-speed  flight  conditions  of  the  S-76 
rotor  system.  Above  advancing-tip  Mach  numbers  of  0.9  where  transonic  phenomena 
control  the  amplitude  and  waveform  of  the  radiated  impulsive  noise,  the  swept- 
tapered  (production)  tip  produced  the  lowest  noise  levels.  These  data  showed  that 
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sweep  and  taper  both  help  to  reduce  high-speed  noise  levels  while  at  the  same  time 
improving  the  high-speed  performance  of  the  rotor. 

Several  entirely  new  rotorcraft  configurations  were  also  tested  in  the  40  x  80 
for  aerodynamics,  dynamics,  and  noise.  The  XV-15  tilt-rotor  research  aircraft 
(forerunner  of  the  multi-service  V-22  Osprey  aircraft)  was  tested  with  the  rotors 
operating  in  a  horizontal  (helicopter  mode)  and  in  the  vertical  (airplane  mode) 
plane.  In  the  airplane  mode  (fig.  6)  with  the  rotors  operating  at  reduced  cruise 
rpm,  discrete  harmonic  noise  levels  were  about  15  dB  quieter  than  those  measured  in 
the  helicopter  mode  (ref.  10).  The  higher  rotational  tip  speeds  and  the  unsteady 
aerodynamics  of  the  rotors  in  the  helicopter  configuration  were  responsible  for  most 
of  the  increased  noise  levels. 


Figure  6.-  XV-15  Tilt  Rotor  Research  Aircraft  mounted  in  the  propeller  mode 

in  the  40  x  80  tunnel. 


The  use  of  "blowing"  to  control  the  lift  of  the  main  rotor  was  tested  in  two 
separate  programs.  In  the  summer  of  1978,  noise  was  measured  on  a  44-ft-diam  four- 
bladed  main  rotor  which  used  circulation  control  for  collective  and  cyclic  lift 
control  (refs.  11-13).  Mechanical  controls  also  set  the  collective  pitch  of  the 
blades;  so  collective  lift  depended  on  mechanical  and  pneumatic  settings.  Noise 
measurements  in  the  40  x  80,  which  were  made  from  hover  to  140  knots,  showed  that 
sound  levels  depended  more  on  maximum  Jet-blowing  velocity  than  on  mechanical  col¬ 
lective.  Sound  levels  increased  with  increased  blowing  velocities.  This  increase 
was  broadband  in  character,  centered  at  about  2000  Hz,  and  believed  to  be  a  result 
of  the  blowing  itself.  At  60  knots  the  noise  levels  of  this  rotor  were  aobut  15  dB 
higher  than  those  of  a  conventional  rotor  of  similar  performance,  whereas  at 


1072 


140  knots  the  levels  were  about  2  dB  higher.  Blowing  was  also  used  successfully  in 
the  spring  of  1979  to  control  a  25-ft-diam  circulation  control,  X-Wing  rotor  as  it 
performed  its  first  transition  from  helicopter  to  fixed-wing  aircraft  in  a  40  x  80 
tunnel  test  (fig.  7).  The  stoppable  rotor  had  a  circulation-control  symmetrical 
airfoil  with  both  leading-  and  trailing-edge  slots  to  control  cyclic  and  some  of  the 
collective  lift.  By  carefully  controlling  the  amount  of  blowing  out  of  the  slots, 
it  was  possible  to  transition  the  rotor  to  a  stopped  condition  in  forward  flight 
while  maintaining  the  lift  and  controlling  moments  on  the  rotor  system.  The  mea¬ 
sured  sound  levels  of  the  rotor  depended  primarily  on  the  jet-blowing  velocity  and 
secondarily  on  the  forward  speed.  No  characteristic  impulsive  noise  was  measured  in 
this  aircraft  in  the  rotating  (helicopter)  configuration,  although  the  test  matrix 
included  regions  where  blade-vortex  interaction  noise  is  present  on  conventional 
rotors.  The  sound  levels,  which  were  quite  high  at  jet-blowing  Mach  numbers  of 
about  0.7,  decreased  with  either  increased  or  decreased  blowing. 


Figure  7.-  X-Wing  rotor  mounted  in  the  40  x  80  tunnel. 


Just  before  the  40  x  80  tunnel  was  shut  down  for  extensive  modifications  and 
upgrading  in  the  summer  of  1980,  the  advancing-blade  concept  (ABC)  rotor  was  tested 
(ref.  14).  The  ABC  demonstrator  was  a  coaxial  helicopter  with  counterrotating 
rotors  that  were  36  ft  in  diameter.  The  measured  rotor  sound  levels  were  about  5  dB 
higher  than  for  a  conventional  helicopter  rotor  (i.e.,  3-76  without  a  tail  rotor) 
and  in  general  exhibited  more  impulsive  noise — probably  because  the  rotors  operate 
close  to  a  more  complex  wake  pattern.  There  is  some  indication  that  a  part  of  this 
additional  noise  could  be  reduced  by  altering  the  lift  distribution  between  rotor 
systems. 
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In  mid- 1980  an  extensive  upgrade  of  the  40  x  80  wind  tunnel  was  begun  which 
included  re-powering  the  fan  drive  unit  so  the  tunnel,  in  a  closed-circuit  opera¬ 
tion,  would  reach  a  top  speed  of  300  knots  and  adding  a  new  open-circuit  80-  by 
120-ft  leg  for  large-scale  low-speed  testing  (top  speed  approaching  100  knots).  A 
lower  maximum  drive  fan  tip  speed  of  377  ft/sec  plus  a  6-in.  fiberglass  acoustic 
lining  for  the  closed  circuit  test  section  were  two  major  acoustic  improvements. 

The  6-in.  acoustic  liner  (fig.  8)  was  mounted  behind  a  perforated  plate  to  give 
near-anechoic  (without  echoes)  conditions  above  500  Hz  in  the  test  section.  There 
was  an  unfortunate  structural  failure  of  the  tunnel  in  1982,  which  will  delay 
operational  testing  until  the  spring  of  this  year.  Preliminary  calibration  measure¬ 
ments  of  the  flow  quality  and  background-noise  levels  to  date  are  encouraging  (as  of 
February  1987  the  tunnel  has  attained  a  top  speed  of  295  knots)  and  do  ensure  the 
40  X  80  an  important  role  in  the  rotorcraft  acoustic  testing  world.  The  80  x  120 
leg  of  the  40  x  80  also  may  be  useful  for  acoustic  testing.  Its  enormous  test 
section  will  be  treated  with  6  in.  of  acoustic  material  on  the  floor  and  ceiling  and 
10  in.  on  the  sidewalls  to  help  reduce  the  noise  radiated  to  the  surrounding  commun¬ 
ity.  A  significant  benefit  of  this  treatment  is  an  improvement  in  the  test  section 
acoustical  properties,  making  it  possible  to  make  far-field  noise  measurements  of 
model-scale  and  some  full-scale  rotor  systems  in  the  test  section. 


Figure  8.-  40-  by  80-ft  test  section  with  acoustical  liner. 

Studies  are  also  under  way  to  investigate  whether  the  size  of  the  80  x  120  and 
the  low  fan-drive  noise  can  be  used  in  a  further  modification  of  the  80  x  120  test 
section  to  make  it  the  world's  largest  anechoic  wind  tunnel  (ref.  15).  The  inher¬ 
ently  large  size  of  this  modified  facility  would  allow  near-anechoic  properties  at 
low  frequencies  and  large  distances — factors  that  are  important  in  source-noise 
reduction  for  acoustic  detection  of  rotorcraft. 


1074 


ROTORCRAFT  SCALING 


Although  prediction  of  a.  rotorcraft's  noise  levels  from  a  first-principle 
approach  is  the  ultimate  goal  of  much  of  the  acoustic  research  done  in  the  United 
States,  a  more  immediate  practical  goal  is  the  use  of  small-scale  model-rotor  test¬ 
ing  to  assess  the  effect  of  design  changes  on  the  radiated  noise.  Scale-model 
testing  offers  the  advantages  of  easier  tunnel  access  (because  of  the  availability 
of  more  wind  tunnels  which  can  test  small-scale  models),  and  a  more  anechoic  envi¬ 
ronment  (because  the  scaling  raises  the  frequencies  oi  the  rotorcraft  noise  sources 
allowing  them  to  be  more  easily  absorbed  by  acoustic  wall  treatment).  However,  it 
first  must  be  conclusively  demonstrated  that  the  model-scale  results  accurately 
represent  the  full-scale  acoustic  phenomena  of  interest.  To  this  end,  much  of  the 
work  in  industry  and  at  ARC  has  been  to  try  to  quantify  how  well  full-scale  acoustic 
phenomena  can  be  duplicated  in  model  scale.  Unfortunately,  no  really  clear  general 
picture  has  emerged,  although  the  researchers  who  are  involved  are  still  optimistic. 

Over  the  years,  small-scale  models  of  rotor  systems  have  been  used  to  assess 
differences  in  performance  and  noise  of  competing  configurations  (refs.  16-19)*  The 
best  results  have  been  obtained  when  the  model  test  has  been  run  to  investigate  the 
effects  of  geometric  changes  on  a  previously  isolated  noise  source,  that  is,  high¬ 
speed  impulsive  noise  or  blade-vortex  interaction  noise.  It  is  hoped  that  the 
differences  in  noise  levels  that  were  measured  in  model  scale  are  similar  to  those 
that  would  have  been  measured  on  the  full-scale  rotorcraft.  Unfortunately,  many  of 
the  documented  tests  showing  that  these  model-scale  results  do  represent  full-scale 
noise  levels  are  not  very  convincing.  If  the  data  were  taken  in  non-anechoic  mea¬ 
surement  halls,  it  must  be  corrected  for  reverberation  effects.  Adjustments  are 
made  to  the  measured  sound-pressure  levels  in  frequency  bands  (usually  1/3  octaves) 
resulting  in  levels  that  are  corrected  to  free-field  data.  The  full-scale  data,  on 
the  other  hand,  are  usually  corrected  for  ground  or  wall  reflections,  and  wind  and 
temperature  effects.  It  is  not  unusual  to  have  differences  between  model  and  full- 
scale  data  in  these  adjusted  levels  of  about  6  dB  (ref.  19).  This  is  not  an  ade¬ 
quate  verification  that  the  rotor  noise  sources  have  been  faithfully  reproduced  in 
model  scale.  Differences  of  6  dB  translate  into  possible  aerodynamic  source-level 
differences  of  100/5. 

More  definitive  scale-model  rotor  testing  is  under  way.  Research  performed 
under  contract  to  Ames  by  the  United  Technologies  (ref.  20),  as  well  as  scale— model 
testing  by  Ames  researchers  (ref.  21),  has  yielded  mixed  results.  The  1/6-scale 
model  S-76  rotor  (fig.  9)  did  not  faithfully  match  full-scale  data.  In  conditions 
simulating  forward-flight  descents  typical  of  a  landing  approach,  sound-pressure 
differences  of  up  to  10  dB  were  shown  between  model-  and  full-scale  wind  tunnel 
data.  The  1 /20-scale  models  of  reference  20  have  shown  even  poorer  correlation  with 
full-scale  data. 

It  is  tempting  to  conclude  that  model-scale  tests  do  not  reproduce  full-scale 
phenomena,  but  other  researchers  have  shown  more  promising  results  (refs.  22 
and  23).  Under  certain  operating  conditions,  high-speed  impulsive  and  blade-vortex 
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Figure  9.-  One-sixth-scale  S-76  model  rotor  mounted  in  Ames  acoustically  treated 

7-  by  10-ft  wind  tunnel. 


interaction  noise  were  reproduced  quite  faithfully  in  model  scale.  Why  then  are 
there  such  mixed  results? 

Part  of  the  answer  may  lie  in  the  extreme  difficulty  of  doing  carefully  con¬ 
trolled  model-scale  and  full-scale  acoustic  testing.  Aside  from  the  corrections  for 
the  non-ideal  acoustic  environment,  the  operating  conditions  known  to  produce  much 
of  the  terminal-area  approach  noise,  which  is  due  to  blade-vortex  interaction,  are 
quite  sensitive  to  the  separation  distances  between  the  rotor  blades  and  the  closely 
passing  tip  vortices.  Thus,  it  is  very  important  that  all  model-scale  and  full- 
scale  trim  conditions  be  matched  exactly.  The  most  difficult  condition  to  match  is 
the  actual  tip-path-plane  angle  measured  with  respect  to  the  local  velocity  vec¬ 
tor.  This  angle  is  influenced  by  wind-tunnel  wall  corrections — something  not 
accounted  for  in  several  of  the  less  successful  tests  reported  here.  It  is  probable 
that  a  better  match  between  model-  and  full-scale  data  is  possible.  New  testing 
comparing  scaled  rotors  under  more  controlled  and  definitive  conditions  in  environ¬ 
ments  that  do  not  substantially  alter  the  measured  sound-pressure  levels  is  cur¬ 
rently  under  way. 


THEORETICAL  PREDICTIONS 


An  important  goal  of  the  acoustic  research  efforts  of  the  past  10  years  has 
been  to  more  accurately  predict,  from  first  principles,  helicopter  noise.  Ames  has 
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played  a  key  role  in  this  effort  by  demonstrating  the  strengths  and  weaknesses  of 
current  theoretical  efforts.  This  has,  in  many  cases,  led  to  new  theoretical 
approaches  or  methods  for  predicting  the  radiated  noise. 

For  several  reasons,  large,  comprehensive,  multidisciplinary  mathematical 
models  for  predicting  far-field  rotorcraft  noise  have  not  been  emphasized  at  Ames. 
First,  very  simple  controlled  experiments  of  isolated  noise  sources  (refs.  24 
and  25)  have  shown  that  existing  linear  theory  does  not  predict  the  radiated  noise 
to  within  ±3-6  dB.  One  cannot  expect  the  accuracy  of  a  comprehensive  mathematical 
model  to  be  any  better  than  any  of  its  components.  Secondly,  the  noise  radiation 
field  is  very  sensitive  to  the  aerodynamic  flow  field  surrounding  the  blade,  which 
is  not  known  to  the  degree  necessary  to  predict  the  global  acoustic  field.  The 
comprehensive  aerodynamic-dynamic  models  that  are  considered  to  be  state-of-the-art 
(e.g.,  C-81,  CAMRAD)  are  known  to  be  inadequate  for  noise-prediction  purposes  by 
themselves.  They  cannot  predict  the  higher  harmonic  air-load  flow-field  environment 
of  the  operational  helicopter.  The  aeroacoustic  researchers  at  Ames  have  chosen  a 
different  approach.  Emphasis  has  been  placed  on  developing  those  theories  or  models 
that  isolate  key  aerodynamic  and  acoustic  phenomena  that  can  be  verified  with 
simple,  straightforward  model-scale  or  full-scale  experiments,  in  flight,  in  static 
tests,  or  in  wind  tunnels. 

One  of  the  first  efforts  in  this  regard  was  that  of  Arndt  and  Borgman 
(ref.  26).  Using  measured  acoustic  data  taken  in  the  40  x  80  tunnel  of  a  rotor 
operating  at  high  tip  speed,  they  showed  that  the  radiated  noise  could  be  attributed 
to  the  increasing  drag  rise  caused  by  shock  waves  on  the  advancing  side  of  the  rotor 
disk.  Because  only  sound-pressure  levels  were  directly  compared  in  the  theory- 
experiment,  the  results  did  look  encouraging.  If  actual  time-histories  had  been 
compared  under  these  conditions,  the  comparison  would  not  have  been  as  favorable. 
This  was  verified  in  some  of  the  in-flight  measurements  that  were  flown  a  few  years 
later  and  discussed  earlier  in  this  paper.  Nevertheless,  these  early  researchers 
showed  that  noise  levels  grew  tremendously  as  the  rotor's  advancing-tip  Mach  number 
approached  1 — an  experimental  observation  noted  in  the  early  40  x  80  acoustic  test¬ 
ing.  However,  their  theory  never  could  explain  why  the  high-speed  impulsive  noise 
levels  were  not  sensitive  to  thrust  variations,  a  key  finding  of  these  earlier 
experiments. 

Another  attempt  to  predict  rotorcraft  noise  was  made  in  1978  (ref.  27).  A 
simple  theoretical  linear-thickness  monopole  model  was  developed  that  was  used  to 
generate  waveforms  of  the  Sikorsky  S-76  rotor  system  in  high-speed  flight.  These 
calculations  were  compared  with  averaged  time-domain  S-76  data  taken  in  the  40  x  80 
tunnel.  Comparison  with  experiment  was  generally  encouraging  because  the  pulse 
shapes  looked  similar  to  the  measured  data.  However,  quantitative  comparisons  were 
difficult  because  of  the  reverberant  environment  in  the  untreated  test  section  in 
these  early  tests.  Nevertheless,  the  importance  of  blade-thickness  effects  on  the 
radiated  noise  was  clearly  shown  by  these  early  computations. 

The  usefulness  of  using  linear  acoustic  models  to  describe  the  radiated  acous¬ 
tic  field  of  helicopter  rotors  in  high-speed  flight  was  called  into  question  by  some 
fundamental  high-tip-speed  model-scale  data  (ref.  24).  Large  discrepancies  in  level 
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and  pulse  shape  between  theory  and  experiment  were  shown  by  using  data  from  these 
very  controlled  fundamental  experiments.  The  discrepancies  were  tied  to  transonic 
aerodynamic  effects  which  are  represented  as  quadrupole  source  terms  in  the  acoustic 
analogy  formulation  (ref.  28).  Including  these  nonlinear  terms  improved  the  corre¬ 
lation  with  experiment  in  these  benchmark  hover  computations  and  showed  that  pre¬ 
dicting  high-speed  impulsive  noise  was  impossible  unless  the  nonlinear  effects  of 
the  noise  generation  and  radiation  process  were  modeled  (ref.  19).  Therefore,  the 
acoustic  analogy  approach  was  not  vigorously  pursued  for  this  source  of  impulsive 
noise.  Instead,  computational  fluid  dynamic  (CFD)  codes  were  adopted  and  expanded 
to  address  the  high-speed  acoustic  problem,  as  well  as  the  transonic  aerodynamic 
problem.  In  essence,  acoustics  and  aerodynamics  were  directly  linked,  implying  that 
further  improvements  in  high-speed  far-field  noise  prediction  were  dependent  on  the 
accurate  prediction  of  the  local  transonic  flow  over  the  blade. 

Another  significant  theoretical  development  was  recently  made  by  Mosher 
(refs.  30-32).  Mosher  developed  a  new,  very  general  method  to  examine  the  effects 
of  wind-tunnel  walls  on  discrete  frequency  noise,  such  as  the  low-frequency  harmonic 
noise  typical  of  rotorcraft.  The  theoretical  model  consists  of  an  arbitrary,  known 
harmonic  acoustic  source  of  finite  dimension  inside  an  infinite  duct  of  constant 
cross-sectional  area  (representing  the  tunnel  test  section)  with  uniform  subsonic 
flow  (see  fig.  10).  An  impedance  boundary  condition  on  the  duct  wall  allows  the 
wall  to  absorb  some  of  the  incident  acoustic  energy.  Numerical  solutions  are  found 
by  matching  an  acoustic  panel  method  in  a  control  volume  around  the  helicopter  rotor 
to  a  modal  series  representation  of  sound  in  the  duct  far  from  the  rotor.  Because 
this  scheme  allows  arbitrary  duct  shapes  and  arbitrary  sources,  sound  in  a  compli¬ 
cated  system  may  be  analyzed. 

Some  representative  results  from  this  new  theory  are  shown  in  figure  11  for  a 
horizontal  plane  that  is  0.4  of  a  radius  below  the  rotor.  Contour  levels  of  the 
fundamental  rotor  harmonic  peak  amplitudes  are  modified  by  the  test  section  of  the 
wind  tunnel  at  these  very  low  frequencies.  Very  close  to  the  rotor,  the  sound  field 
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Figure  10.-  Computational  model  of  a  rotor  in  a  wind  tunnel. 
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Figure  11.-  Representative  results:  contours  of  sound-pressure  levels  in  a 
horizontal  plane  0.4  R  below  the  rotor  plane. 


in  the  wind  tunnel  resembles  the  sound  field  in  unbounded  space.  However,  at  dis¬ 
tances  required  for  mid-  to  far-field  noise  measurements,  the  sound  field  has  char¬ 
acteristics  that  are  predominantly  determined  by  modal  propagation  in  the  duct. 
Wind-tunnel  test-section  wall  acoustic  characteristics  and  the  relative  size  of  the 
rotor  disk  in  relation  to  the  test-section  dimensions  determine  how  far  from  the 
rotor  useful  acoustic  measurements  can  be  made  that  closely  match  free-field  condi¬ 
tions.  The  reverberation  problem  is  most  severe  at  the  lower  blade  passage  frequen¬ 
cies  where  it  is  very  difficult  to  have  good  tunnel-wall  absorption. 

The  implications  of  this  work  are  significant.  Once  the  theoretical  model  has 
been  verified  experimentally,  it  can  be  used  to  pick  measurement  positions  in  exist¬ 
ing  wind  tunnels  to  minimize  duct  wall  effects,  to  determine  how  to  acoustically 
treat  existing  wind  tunnels  to  measure  rotorcraft  noise  in  a  specific  frequency 
range,  and  to  help  modify  existing  wind  tunnels  to  enhance  their  measurement  proper¬ 
ties.  The  method  is  computationally  efficient  at  low  frequencies — where  the  rever¬ 
beration  problem  is  most  severe  for  all  existing  wind  tunnels. 


COMPUTATIONAL  FLUID  DYNAMICS 


Ames  has  pioneered  the  application  of  computational  fluid  dyncunics  (CFD)  to 
helicopter  aerodynamic  and  acoustic  problems.  The  close  connection  between  aerody¬ 
namics  and  acoustics  as  they  relate  to  impulsive  noise  was  first  made  in  some  bench¬ 
mark  hover  experiments  performed  by  the  Army  in  1978  (ref.  28).  A  model-scale  UH-1H 
rotor  was  tested  in  an  anechoic  hover  chamber  while  far-field  acoustics  and  local 
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blade-flow  measurements  were  made  simultaneously.  At  hover  tip  Mach  numbers 
approaching  0.9,  local  shock  waves,  which  first  appeared  at  lower  subsonic  tip  Mach 
numbers  at  about  90^  radius,  "delocalized”  to  the  acoustic  far-field.  In  effect, 
localized  nonlinear  aerodynamic  effects  were  directly  propagated  to  the  acoustic 
far-field — helping  explain  why  linear  acoustic  analogies  could  not  adequately  pre¬ 
dict  the  rotor's  acoustic  radiation.  It  was  shown  (ref.  29)  that  the  criterion  for 
acoustic  "delocalization"  was  the  local  flow  Mach  number,  as  viewed  by  an  observer 
in  a  coordinate  system  rotating  with  the  blade,  must  be  equal  to  or  greater  than  1 
in  the  continuous  region  from  just  in-board  of  the  rotor  tip  to  the  microphone 
located  in  the  acoustic  far-field. 

The  Army  and  ARC  already  had  significant  CFD  efforts  under  way  to  predict  the 
potential  flow  field  of  high-speed  rotorcraft  (refs.  33  and  34).  These  efforts  were 
modified  to  predict  the  entire  flow  field  in  the  vicinity  of  the  rotor  to  estimate 
regions  where  delocalization  might  occur.  A  first  attempt  at  predicting  this  phe¬ 
nomenon  was  reported  in  reference  35  and  is  shown  in  figure  12(a).  Experimental 
measurements  of  the  same  rotor  (fig.  12(b))  show  that  these  CFD  methods  predict  the 
transonic  acoustic  field  quite  well  (ref.  28).  These  particular  computations  were 
done  by  Bell  Helicopter  using  the  NASA  Ames  ROT-22  full-potential  quasi-steady 
code.  This  same  code  has  been  used  extensively  at  Bell,  with  NASA  assistance,  to 
help  in  the  design  of  new  tip  shapes  to  avoid  the  loud  impulsive  noise  associated 
with  the  delocalization  phenomenon.  In  the  past  4  years,  new  full-potential  and 
Euler  finite  difference  codes  have  been  integrated  with  integral  rotor-wake  models 
to  predict  the  full,  unsteady,  high-speed  aerodynamic  and  acoustic  near-fields 
(refs.  36-38).  A  comparison  of  the  full-potential  code  results  with  local  blade- 
surface  pressures  for  a  nonlifting  rotor  operation  at  high  advance  ratios  and  at 
high  advancing-tip  Mach  numbers  is  shown  in  figure  13  (ref.  36).  The  good  agreement 
between  the  unsteady  computations  and  experimental  pressure  distribution  measure¬ 
ments  are  typical  of  both  full-potential  and  Euler  codes  for  the  nonlifting  rotor. 
Shock  positions  and  strength  are  predicted  quite  well  on  the  rotor's  advancing 
side.  The  importance  of  using  unsteady  computational  results  can  also  be  seen  in 
the  same  figure.  The  quasi-steady  results  (dotted  curves)  do  not  predict  shock 
locations  well  at  angles  other  than  90° . 


Figure  12.-  Theory-experiment  comparison  of  delocalization  of  shock  waves 
to  the  acoustic  far  field  of  a  hovering  rotor. 
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(b)  Experiment 


F igure  12.-  Concluded . 


A  similar  comparison  for  the  lifting  rotor  is  shown  in  figure  14  for  the  high 
advancing-tip  Mach  numbers  at  high  advance  ratios.  In  this  case,  the  rotor's 
trailed  tip-vortex  system  is  modeled  in  the  computational  procedure.  At  these  high 
advance  ratios,  this  wake  system  is  fairly  far  from  the  advancing  rotor.  Under  this 
condition,  agreement  between  the  full-potential  (ref.  37)  and  experiment  (ref.  39) 
is  generally  good,  as  shown.  However,  at  lower  advance  ratios  when  the  wake  system 
is  close  to  the  advancing  blade,  good  agreement  between  computation  and  experiment 
is  less  likely.  Additional  work  is  under  way  to  more  accurately  model  the  rotor- 
wake  system  in  these  cases. 

It  should  be  noted  that  because  the  flow  field  is  highly  nonlinear,  there  is 
virtually  no  method  of  predicting  the  flow  field  of  a  high-speed  rotor  other  than 
the  CFD  approach.  The  introduction  of  CFD  methods  to  this  problem  by  Ames  research¬ 
ers  has  provided  the  helicopter  industry  with  powerful  new  tools  to  help  design 
high-speed  rotorcraft  that  are  efficient  and  quiet.  An  example  of  the  use  of  CFD  in 
this  regard  is  the  aerodynamic  and  acoustic  design  of  the  main  rotor  blades  for  the 
Bell  OH-58  advanced  helicopter  improvement  program.  Bell  engineers,  using  the  ARC 
developed  ROT-22  full-potential  code  (ref.  34),  designed  a  new  OH-58  main  rotor  that 
yielded  increased  high-speed  performance  and  less  noise.  Local  blade  section  and 
planform  characteristics  near  the  tip  of  the  advancing  rotor  were  carefully  chosen 
to  avoid  "delocalization,"  and  hence  avoid  impulsive  noise  radiation  in  high-speed 
flight. 

The  impulsive  noise  caused  by  blade-vortex  interaction  (BVI)  has  also  been 
seriously  addressed  by  NASA  and  the  Army  using  CFD  techniques  over  the  past  few 
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Figure  13.-  Comparison  of  full  potential  CFD  computations  with  experimental 
measurements  for  a  high-speed  nonlifting  rotor  in  forward  flight. 


years.  Experimental  findings  have  suggested  that  part  of  the  problem  can  be  repre¬ 
sented  in  two  dimensions  by  considering  a  two-dimensional  blade  section  interacting 
with  a  two-dimensional  vortex.  The  first  studies,  which  utilized  an  ARC-developed 
small-perturbation  potential  code  with  coarse  grids  (ref.  40),  clearly  showed  the 
aerodynamic  details  of  the  interaction  process  near  the  two-dimensional  blade  sec¬ 
tion.  However,  the  acoustic  waves  that  radiated  away  from  the  airfoil  were  weak  and 
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Figure  14.-  Comparison  of  full  potential  CFD  computations  with  experimental 
measurements  for  a  high-speed  lifting  rotor. 


were  subject  to  grid-smearing  by  the  CFD  process  itself.  Nevertheless,  it  was 
possible  to  trace  acoustic  waves  radiating  to  the  boundaries  of  the  computation 
field.  Several  authors  have  since  pursued  this  two-dimensional  CFD  problem  with 
more  powerful  CFD  codes  and  cleverer  ways  of  looking  for  radiating  acoustic  waves 
(ref.  41).  These  codes  have  also  been  installed  on  industry  computers  and  used  to 
help  design  airfoils  that  reduce  the  shock-like  disturbances  that  can  occur  near  the 
leading  edge  of  the  airfoil  during  BVI.  Sikorsky  Aircraft,  using  an  ARC-developed 
code  (LTRAN2-HI),  developed  the  1095  RN  airfoil  to  help  reduce  the  impulsive  noise 
that  is  radiated  during  blade-vortex  interaction  (BVI).  The  airfoil  has  a  specially 
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designed  leading-edge  contour  that  according  to  CFD  computations,  reduces  the  local 
shock  waves  during  BVI.  However,  there  is  still  some  uncertainty  about  the 
effectiveness  of  these  leading-edge  design  changes  in  reducing  the  radiated  far- 
field  noise.  Mew  theoretical  computations  and  experiments  are  planned  to  help 
ascertain  whether  these  near-field  acoustic  results  are  indicative  of  what  happens 
in  the  acoustic  far-field. 


An  extremely  interesting  and  complete  representation  of  the  two-dimensional  BVI 
problem  was  recently  given  by  Rai  (ref.  42).  Using  a  very  high-order  CFD  scheme  on 
the  Cray  X-MP  computer,  he  was  able  to  capture  the  unfolding  acoustic  radiation 
problem  in  great  detail  (fig.  15).  His  method  used  the  Navier-Stokes  equations  and 
did  not  describe,  a  priori,  the  trajectory  or  the  unfolding  structure  of  the 
vortex.  Instead,  the  entire  unsteady  transonic  BVI  problem  was  simulated  and  solved 
in  a  very  accurate  manner.  As  computers  become  faster  and  larger  in  the  next  few 
years,  it  will  be  possible  to  design  airfoils  and  hence  complete  rotor  systems  to 
reduce  the  noise  radiated  by  rotorcraft. 


RADIATING 
ACOUSTIC  WAVE 


Figure  15.-  An  acoustic  wave  radiating  from  a  2-D  airfoil  during  blade-vortex 

interaction. 


CONCLUDING  REMARKS 


This  paper  has  reviewed  the  important  rotorcraft  aeroacoustic  advances  that 
have  beep  made  at  Ames  Research  Center  over  the  past  decade.  On  a  fundamental 
research  level,  there  have  been  some  key  experimental,  as  well  as  theoretical  break¬ 
throughs.  It  is  very  difficult  to  clearly  separate  the  advances  into  two  distinct 
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classes  because  theory  and  experiment  have  been  integrated  in  most  rotorcraft  pro¬ 
grams.  Nevertheless,  it's  probably  fair  to  say  that  the  findings  of  a  few  key 
experiments  have  helped  change  the  understanding  of  the  important  rotorcraft  noise¬ 
generating  mechanisms  and  have  led  to  the  development  of  new  and  fruitful  theoreti¬ 
cal  approaches.  In  particular,  the  following  accomplishments  stand  out. 

1.  The  development  of  the  Y0-3A  quiet  aircraft  as  an  in-flight  acoustic  mea¬ 
surement  platform.  It  has  been  used  to  measure  the  radiation  characteristics  of 
many  research  and  prototype  aircraft. 

2.  The  development  of  the  National  Full-Scale  Aerodynamics  Complex  (NFAC) 

(40  X  80  X  120),  the  world's  largest  aeroacoustic  testing  facility.  The  low  fan- 
drive  tip  speed,  the  approximately  300-knots  forward-speed  capability,  and  the 
extremely  large  test  sections  make  the  complex  unique  for  rotorcraft  aeroacoustic 
research  at  model-  and  full-scale. 

3.  A  new  theoretical  method  for  predicting  the  effect  of  wind-tunnel  walls  on 
the  radiation  patterns  of  low-frequency  rotorcraft  noise.  The  method  will  be  used 
to  help  design  appropriate  testing  techniques  and  tunnel  treatment  for  low-frequency 
noise  the  most  important  contributor  to  rotorcraft  signature  reduction  efforts. 

4.  The  discovery  of  the  causes  and  the  mechanisms  of  impulsive  noise  radia¬ 
tion.  Through  extensive  wind-tunnel  and  flight  testing,  improved  theoretical 
approaches  were  developed  and  verified  that  more  accurately  described  the  impulsive 
noise  phenomena.  An  important  finding  of  the  improved  prediction  techniques  was 
that  it  was  necessary  to  compare  amplitude  and  phase  (or  compare  time-histories)  of 
the  measured  and  predicted  acoustic  radiation. 

5.  The  application  of  computational  fluid  dynamics  (CFD)  to  rotorcraft  acous¬ 
tic  problems.  A  new  CFD  capability  has  been  developed  and  transferred  to  United 
States  industry  to  help  solve  high-speed  and  blade-vortex  interaction  impulsive 
noise  problems. 


Besides  providing  the  tools,  techniques,  and  facilities,  Ames  Research  Center 
has  been  working  with  industry  to  try  to  reduce  rotorcraft  noise  through  design. 

One  notable  example  of  these  efforts  is  the  design  of  the  rotor  blades  for  the  Bell 
OH-58  advanced  helicopter  improvement  program.  Knowledge  of  the  delocalization 
mechanism,  together  with  a  direct  application  of  CFD  to  the  high-speed  acoustic 
problem,  led  to  rotor  tips  that  were  designed  for  increased  performance  and  reduced 
noise.  Another  example  of  the  application  of  this  new  technology  is  the  design  of 
the  SC- 1095  RN  airfoil.  Working  with  a  CFD  code  that  was  developed  at  Ames,  and 
using  the  knowledge  acquired  in  fundamental  research  programs,  Sikorsky  Aircraft 
engineers  have  developed  an  airfoil  section  that  promises  to  reduce  rotorcraft 
blade-vortex  interaction  noise.  Experimental  efforts  are  now  planned  to  verify  the 
theory  in  a  full-scale  aeroacoustic  test  in  the  40  x  80  tunnel. 

Many  of  these  results  have  been  transferred  to  industry  through  the  normal 
publication  process  and  through  cooperative  and  contracted  programs  with  other 
government  agencies  and  industry.  Of  particular  significance  in  this  regard  is  the 
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excellent  cooperative  research  efforts  that  have  existed  between  the  U.S.  Army 
Aeroflightdynamics  Directorate  and  ARC.  In  some  of  the  Ames  research  accomplish¬ 
ments  it  is  very  difficult  to  sort  out  the  contributions  of  the  Army  and  Ames  scien¬ 
tists.  Also  of  note  is  the  positive  role  that  the  WASA/AHS/Industry  National  Rotor- 
craft  Noise  Reduction  program  has  had  on  the  level  of  support  for  rotorcraft  aero- 
acoustic  research  within  the  government  and  United  States  industry.  This  program 
has  funded  the  engineers  who  are  responsible  for  applying  these  advances  to  the 
design  and  operational  problems  of  the  rotorcraft  industry ,  thereby  expediting  the 
technology  transfer  from  the  government  research  laboratories  to  industry. 
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ABSTRACT 


The  Army  rotorcraft  aeroacoustic  programs  are  reviewed,  highlighting  the  theo¬ 
retical  and  experimental  progress  made  by  Army  researchers  in  the  physical  under¬ 
standing  of  helicopter  impulsive  noise.  The  two  impulsive  noise  sources  addressed 
over  this  past  decade  are  high-speed  impulsive  noise  and  blade-vortex  interaction 
noise,  both  of  which  have  had  and  will  continue  to  have  an  increasing  influence  on 
Army  rotorcraft  design  and  operations.  The  advancements  discussed  are  in  the  areas 
of  in-flight  data  acquisition  techniques,  small-scale-model  tests  in  wind  tunnels, 
holographic  interferometry /tomographic  techniques,  and  the  expanding  capabilities  of 
computational  fluid  dynamics  in  rotorcraft  acoustic  problems.  Current  theoretical 
prediction  methods  are  compared  with  experimental  data,  and  parameters  that  govern 
model  scaling  are  established.  The  very  successful  cooperative  efforts  between  the 
Army,  NASA,  and  industry  are  also  addressed. 


1 .  INTRODUCTION 


Noise  generated  by  a  helicopter  has  been  a  difficult  scientific  problem  for 
many  years.  It  has  many  different  origins,  most  of  which  are  related  to  aerodynamic 
phenomena  around  rotor  blades  and  the  fuselage.  Over  the  past  decades,  many  major 
analytical  and  experimental  developments  were  made  by  the  Army  research  efforts. 

Some  of  the  most  notable  are  comprehensive  acoustic  prediction  codes  for  high-speed 
impulsive  noise,  an  in-flight  acoustic  measurement  technique,  and  a  Joint 
government/ Indus try  test  program  in  a  world-class  anechoic  wind  tunnel.  In  many 
cases  these  developments  led  to  the  discovery  of  many  important  rotorcraft  acoustic 
characteristics  and  aerodynamic  phenomena  related  to  impulsive  noise.  In  the 
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fCurrently  Division  Chief,  Full-Scale  Aerodynamics  Research  Division,  NASA  Ames 
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following  text,  two  different  impulsive  noise-generating  mechanisms  are  reviewed; 
high-speed  impulsive  noise  and  blade-vortex  interaction  (BVI)  noise. 


2.  HIGH-SPEED  IMPULSIVE  NOISE 


Over  the  past  10  years,  an  in-flight  method  of  gathering  helicopter  impulsive 
noise  data  has  been  developed  by  the  Aeroflightdynamics  Directorate  (ARTA,  AVSCOM) 
(ref.  1).  A  quiet,  fixed-wing  aircraft  (0V-1C  and  later  the  Y0-3A)  was  instrumented 
with  microphones  and  flown  in  formation  with  the  subject  helicopter,  as  shown  in 
figure  1.  Because  these  aircraft  are  relatively  quiet  and  the  impulsive  signals  are 
intense,  good-quality  acoustic  data  were  acquired.  The  major  advantages  of  gather¬ 
ing  data  in  this  manner  are  (1)  there  are  no  ground  reflections;  (2)  there  are  long 
and  steady  data  samples;  and  (3)  helicopter  flight  conditions  and  directivity  pro¬ 
files  are  easily  explored.  From  data  taken  during  high-speed  level  flight,  a  strong 
negative  pressure  peak,  called  high-speed  impulsive  noise,  is  observed  and  has  been 
shown  to  be  caused  by  blade  thickness  and  transonic  effects.  It  is  at  a  maximum 
near  the  tip-path  plane  of  the  rotor  and  falls  off  with  increasing  lateral  directiv¬ 
ity  angles.  As  a  consequence,  the  pilot  cannot  identify  this  large  acoustic  energy 
radiation  from  inside  the  helicopter.  Furthermore,  at  high  tip  Mach  numbers  an 
extremely  sharp  positive  pressure  rise  follows  this  sharp  expansion  wave,  resulting 
in  very  intense  radiated  noise  levels  which  indicate  that  this  rapid  increase  in 
pressure  is  associated  with  a  radiating  shock  wave. 


Figure  1.-  In-flight  technique. 

In  order  to  study  more  closely  this  interesting  phenomenon  of  a  sharp  positive 
acoustic  pressure  rise  observed  in  a  full-scale  flight  test,  both  small-scale-model 
wind  tunnel  tests  and  hover  tests  have  been  carried  out  with  the  following  questions 
in  mind: 


1.  Can  high-speed  impulsive  noise  be  scaled,  and  if  so,  what  are  the  scaling 
parameters? 

2.  Can  high-speed  impulsive  noise  be  scaled  in  hover  (i.e.,  how  important  are 
the  unsteady  effects)? 

3.  How  accurately  can  high-speed  impulsive  noise  be  predicted?  What  degree  of 
modeling  is  required? 
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4.  How  does  a  local  shock  wave  radiate  to  the  acoustic  far  field? 


In  order  to  duplicate  the  full-scale  acoustic  phenomena  with  small-scale  models, 
several  wind  tunnel  tests  were  carried  out  in  the  Ames  7  x  10  ft  wind  tunnel, 
CEPRA-19  anechoic  wind  tunnel,  and  DNW  anechoic  wind  tunnel.  The  typical  comparison 
of  acoustic  data  of  a  1/7-scaled  AH-1/0LS  model  in  the  DNW  tunnel  with  AH-1  full- 
scale  flight  test  data  is  shown  in  figure  2.  Negative  peak  pressure  levels  and 
waveform  shapes  are  plotted  as  a  function  of  advancing  tip  Mach  number,  which  has 
been  proven  to  be  the  most  important  nondimens ional  parameter  of  high-speed  impul¬ 
sive  noise.  (Further  comparison  of  model  acoustic  data  in  the  DNW  and  CEPRA-19  wind 
tunnels  with  AH-1  full  scale  flight  test  data  can  be  found  in  refs.  2-4.)  From  the 
comparisons,  it  is  clear  that  high-speed  impulsive  noise  can  be  scaled  and  that  the 
primary  scaling  parameters  are  geometry  and  the  advancing  tip  Mach  number. 

The  interesting  aspect  of  high-speed  helicopter  noise  is  the  development  of  the 
saw-toothed  waveform  at  high  advancing-tip  Mach  numbers  as  shown  in  figure  3.  A 
near-symmetrical  pulse  is  observed  in  case  A  (M^  =  0.867),  while  the  symmetrical 
pulse  becomes  saw-tooth  in  character  (case  B,  M-p  =  0.9).  This  sudden  change  of  the 
waveform  is  called  delocalization  and  the  corresponding  tip  Mach  number  is  called 
the  delocalization  Mach  number.  This  is  a  very  unique  phenomenon  peculiar  to  a 
rotating  blade,  which  will  be  discussed  further  in  the  later  section.  At  still 
higher  advancing  tip  Mach  numbers  (case  C,  Mj  =  0.925),  the  peak  negative  pressure 
becomes  very  large,  and  the  sudden  rise  in  pressure  becomes  nearly  instantaneous. 

The  noise  generated  by  this  latter  waveform  is  rich  in  higher  harmonics  and  can  be 
subjectively  classified  as  harsh  and  extremely  intense.  The  exact  same  phenomena 
were  also  observed  in  hover  as  shown  in  figure  4  (details  in  ref.  5).  The  most 
remarkable  observation  about  the  model-hovering  rotor  data  is  their  pulse  shape 
similarity  to  the  model-scale  acoustic  data  taken  in  forward  flight.  Although  the 
hovering  amplitudes  are  higher  than  the  forward  flight  amplitudes,  the  delocaliza¬ 
tion  process  is  duplicated  quite  well.  This  implies  that  the  unsteady  aerodynamic 
effects  of  forward  flight  play  a  secondary  role  in  the  delocalization  process.  The 
high-speed  impulsive  noise  signatures  generated  by  full-  and  model-scale  forward 
flight  tests  can  be  studied  to  first  order  in  hover  and  the  scaling  parameter  is  the 
advancing  tip  Mach  number. 

The  theoretical  analysis  is  based  on  the  well-known  integral  equation  derived 
by  Ffowcs  Williams  and  Hawkings  (ref.  6). 


4Tra^p'  (x,t) 


s 


ds 


Far-field  acoustic  pressure  is  explicitly  expressed  in  terms  of  integrals  over 
the  blade  surface  (monopoles  and  dipoles)  and  over  the  surrounding  volume  (quadru- 
poles).  A  comparison  between  linear  thickness  calculations,  first  term  in  equa¬ 
tion  (1)  versus  the  experimental  data  for  hover,  is  shown  in  figure  5  for  several 
different  tip  Mach  numbers.  The  striking  features  of  the  comparison  between  theory 
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PEAK  PRESSURE  AT  SEA  LEVEL,  N/m^ 


Figure  2.-  Comparison  of  model  and  full-scale  acoustic  waveforms  for  an  in-plane 

microphone  1.8  rotor  diameters  ahead. 
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Figure  3.-  Waveform  shape  versus  advancing^tip  Mach  number. 


and  experiment  at  the  tip  Mach  number  less  than  0.9  the  similarity  in  pulse 
shape  and  underprediction  of  the  theory  in  negative  peak  levels  by  a  factor  of 
about  2.  At  hover  tip  Mach  number  of  0.9,  the  amplitude  of  the  peak  negative  pres¬ 
sure  pulse  is  again  underpredicted  by  a  factor  of  2,  but  there  is  also  a  dramatic 
change  in  the  waveform  of  the  experimental  data  which  is  not  predicted  by  the  linear 


r/D  =  1.5,  Mj  =  0.88  ^  0.90 


(a)  (b)  (c) 

Figure  4.-  Waveform  transition;  the  development  of  a  radiating  discontinuity, 

in-plane,  r^j/D  =  1.5,  Mrp  =  0.90. 

•I 

theory.  The  discrepancy  between  the  linear  theory  and  experimental  data  can  be 
explained  by  nonlinear  flow  phenomena  around  the  blade  tip  and  can  be  lessened  by 
adding  the  quadrupoles  term  of  the  governing  equation.  In  order  to  incorporate  the 
near  aerodynamic  nonlinear  flow  field  into  the  quadrupole  term  of  the  equation,  the 
governing  potential  equation  was  transformed  (ref.  7)  to  blade-fixed  cylindrical 
coordinates  as  follows: 


( Y  +  1 )  <!>  V<t>  “  2a)<b  d)  -  2a)(b  d) 

’  ^2  ^eree  ^r^re  ^z^ze 


2  /  1 
=  {a  +  (y  “  +  —  4)  +4) 

o  ^  '  ^0  yvr  r  ^zz 


(2) 


This  transonic  equation  governs  the  delocalization  phenomenon  and  also  helps 
explain  the  influence  of  the  transonic  flow  field  on  the  acoustic  far  field  signa¬ 
tures.  The  coefficient  of  digg  determines  the  propagation  behavior  of  the  local 
shock  depending  on  its  sign.  Below  the  local  sonic  Mach  number,  the  coefficient 
becomes  a  negative  sign  and  the  equation  (2)  behaves  like  an  elliptic-type  equation 
in  which  no  wave-like  behavior  is  possible.  In  this  case,  the  local  shock  structure 
does  not  propagate  into  the  acoustic  far  field.  However,  above  a  local  sonic  Mach 


^The  remaining  linear  dipole  term  [second  term  in  the  eq.  (1)]  was  included  in 
reference  8  and  the  results  were  almost  indistinguishable  from  those  of  the  monopole 
calculations.  Also,  similar  conclusions  were  drawn  in  reference  9  for  a  high-speed 
rotor  in  forward  flight.  In  addition,  most  of  the  experimental  data  suggested  that 
the  high-speed  noise  phenomenon  was  not  dependent  on  thrust  or  torque  at  a  constant 
Mach  number . 
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Figure  5.-  Comparison  of  theory  with  experimental  pressure  time-history,  in-plane, 
r^/D  =  1.5.  (a)  =  0.8;  (b)  =  0.88;  (c)  =  0.9;  (d)  =  0.962. 

number,  the  coefficient  becomes  positive  and  equation  (2)  becomes  hyperbolic.  Local 
shock  waves  then  propagate  into  the  acoustic  far  field  without  interruption  and 
generate  strong  shock  characteristics  in  the  acoustic  signatures.  This  phenomenon 
is  called  the  delocalization.  Since  this  delocalization  phenomenon  is  directly 
related  to  the  acoustic  far  field,  a  logical  step  in  the  prediction  of  acoustic 
field  is  the  incorporation  of  the  near-field  aerodynamic  nonlinearities  into  the 
acoustic  formulation.  The  accuracy  of  the  acoustic  far-field  calculation  is  totally 
dependent  on  the  detailed  knowledge  of  the  near-field  aerodynamic  nonlinearities 
surrounding  the  blade.  The  comparison  of  acoustic  waveform  calculations  with  a 
three-dimensional  transonic  numerical  code  (ref.  10)  against  the  experimental  data 
is  shown  in  figure  6. 
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Figure  6.-  Comparison  of  theory  and  experiment  in  hover,  in-plane,  r/D  =  1.5. 

At  Mach  numbers  below  the  delocalization  Mach  number  (0.9  for  the  NACA  0012 
airfoil  with  a  rectangular  planforra) ,  the  waveform  shape  is  basically  symmetrical 
and  good  correlation  in  amplitude  and  waveform  shape  is  observed.  At  the  tip  Mach 
number  of  0.90,  the  nonlinear  quadrupole  term  changes  waveform  shape  dramatically 
and  increases  in  amplitude,  leading  to  good  agreement  in  pulse  shape.  This  is  a 
reflection  of  the  fact  that  local  shocks  are  propagating  from  the  surface  of  the 
airfoil  to  the  acoustic  far  field.  However,  in  these  comparisons,  the  amplitude  is 
now  overpredicted  at  or  above  a  tip  Mach  number  of  0.9  even  though  the  waveform 
changes  from  the  symmetric  to  saw-tooth  shapes  at  the  correct  Mach  number  as  shown 
in  the  experimental  data.  This  has  suggested  several  areas  where  improvements  can 
be  made,  and  they  are  discussed  in  the  following  sections. 

The  experimental  verification  of  this  computational  code  is  less  satisfactory 
because  of  a  lack  of  high  quality  near-field  experimental  data.  In  order  to  improve 
this  situation,  a  new  experimental  technique,  called  optical  holographic 
interferoraetry/computerized  tomography,  has  been  developed.  A  powerful  pulsed  ruby 
laser  recorded  40  interferograms  with  a  2-ft  view  field  around  the  model  rotor  blade 
tip  operating  at  a  tip  Mach  number  of  0.9  (see  fig.  7).  After  digitizing  interfero¬ 
grams  and  extracting  fringe-order  functions,  the  computerized  tomography  code  recon¬ 
structed  the  flow  field,  providing  pressure  coefficient  contours  in  several  planes 
as  shown  in  figure  8  (refs.  11-13).  The  results  from  this  holographic  technique 
give  very  good  agreement  with  previously  obtained  numerical  computations  and  laser 
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Figure  7.-  Holographic  interferometry  setup. 


velocimeter  measurements  of  the  aerodynamic  flow  field  surrounding  the  rotor . 

Several  important  features  of  the  holographic  technique  are  (1)  the  lack  of  geomet¬ 
rical  constraints  in  the  optical  system  leads  to  the  ability  to  conduct  large-scale, 
nonlaboratory  tests,  (2)  a  single  photo  film  contains  a  large  volume  of  instanta¬ 
neous  three-dimensional  flow  information,  providing  a  substantial  reduction  in  test 
time,  and  (3)  the  reconstruction  procedure  can  be  performed  in  a  laboratory,  not  in 
the  test  section  where  interferograms  are  recorded. 

Therefore,  the  holographic  technique  with  the  computerized  tomography  proved  to 
be  a  highly  effective  way  to  measure  the  large  volume  of  the  instantaneous  three- 
dimensional,  transonic  flow  field  surrounding  a  rotor  blade. 

Another  potential  acoustic  prediction  method  has  been  developed  for  the  high¬ 
speed  impulsive  noise  phenomenon  using  the  methods  of  geometrical  acoustics  and 
computational  fluid  dynamics  (CFD).  With  the  geometrical  acoustics  approximation. 
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the  new  Kirchhoff  formula  was  developed  by  Isom  (ref,  14),  in  which  the  quadrupole 
volume  integral  in  the  Ffowcs  Williams  and  Hawkings  formulation  is  reduced  to  a 
surface  integral  over  the  plane  tangent  to  the  sonic  cylinder.  Then,  the  initial 
data  on  the  sonic  cylinder  are  obtained  from  a  transonic  CFD  code  that  solves  the 
full  potential  equation  in  the  near  aerodynamic  nonlinear  field.  Since  CFD  codes 
are  less  successful  in  the  far  field,  this  new  approach- combines  the  near-field 
aerodynamic  calculation  from  a  CFD  code  with  the  geometrical  acoustic  approximation 
in  the  acoustic  far  field  (ref.  15). 

3.  BLADE-VORTEX  INTERACTION  (BVI)  NOISE 


The  physical  understanding  of  blade-vortex  interaction  noise  is  not  as  complete 
as  is  that  of  high-speed  impulsive  noise.  Although  there  have  been  many  experimen¬ 
tal  and  theoretical  efforts  which  have  shown  progress  in  understanding  the  generat¬ 
ing  mechanisms,  only  a  few  qualitative  design  changes  have  resulted.  Similar  to 
questions  raised  about  high-speed  impulsive  noise,  the  following  questions  will  be 
discussed : 

1.  Can  BVI  noise  be  scaled,  and  if  so,  what  are  the  scaling  parameters? 

2.  What  are  the  known  physical  origins  of  BVI  noise? 

3.  How  accurately  can  BVI  noise  be  predicted? 

A  comparison  of  the  acoustic  signatures  of  the  Operational  Loads  Survey  (OLS) 
model  tests  in  both  the  CEPRA-19  and  DNW  anechoic  wind  tunnels  with  the  540  rotor 
full-scale  flight  test  is  shown  in  figure  9.  A  microphone  is  located  approximately 
30®  beneath  the  plane  of  the  rotor  tips.  This  relative  orientation  of  the  micro¬ 
phone  is  known  to  maximize  the  blade-vortex  interaction  noise  and  reduce  the  magni¬ 
tude  of  high-speed  impulsive  noise.  The  average  time  history  of  acoustic  signatures 
from  the  model-  and  full-scale  rotor  systems  become  strikingly  similar  when  the  four 
important  nondimens ional  scaling  parameters  are  matched:  advancing  tip  Mach  number, 
advanced  ratio,  C^/^,  tip-path-plane  angle.  (A  more  complete  picture  of  the  compar¬ 
ison  of  model-  and  full-scale  blade  vortex  interaction  noise  is  shown  in  ref.  16.) 
Good  general  agreement  in  amplitude  as  well  as  pulse  shapes  between  model-  and  full- 
scale  tests  is  apparent  at  all  descent  conditions  at  low  advance  ratios  (v  <  0.2). 

At  high  advance  ratios,  the  BVI  phenomenon  was  not  well  scaled.  The  reasons  for 
this  are  not  known  at  the  present  time. 

There  were  several  tests  performed  to  simultaneously  measure  the  acoustic  and 
aerodynamic  field  so  that  the  aerodynamic  data  could  be  used  as  input  to  acoustic 
prediction  codes.  A  major  full-scale  experiment  was  carried  out  by  a  joint  U.S. 
Army/Bell  Helicopter  program,  called  the  Operational  Loads  Survey  (OLS).  Several 
small  scale  OLS-model  wind  tunnel  tests  were  also  performed  in  the  14  x  22  Foot  Wind 
Tunnel  (ref.  17)  and  CEPRA-19  and  DNW  anechoic  wind  tunnels  (refs.  18  and  19).  From 
these  tests,  one  of  the  most  important  findings  was  that  the  BVI  phenomenon  was  seen 
to  be  concentrated  near  the  very  leading  edge  of  the  blade  chord.  Furthermore,  the 
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history,  o<ppp  a  I.C**;  (c)  hiU-sbalP  ti««-hiSfePry,  R/fi  a  40^^ 

interaction  of  3/2  rovolutioh  old  vortex  ohd  the  blade  iti  the  adVahoihg  side  appears 
a  strong  contributor  oh  the  acoustic  fieldy  in  Which  the  vortex  and  the  blade  are 
positioned  almost  parallel.  Because  Of  the  local  trahsohio  flow  around  the  leading 
edge  generated  by  the  nearby  vorteX,  the  near-discontinuous  aeoustie  pressure 
propagation  was  observed  in  some  Schlieren  pictures  of  advancing-Side  BVI  on  a 
small-model  rotor  in  a  wind  tunnel  (ref.  20). 

To  predict  the  acoustic  pressure  measurements,  equation  (1)  can  be  used  where 
only  the  pressure  term  (acoustic  dipole  sources)  IS  used.  A  Computer  model  Of  the 
BVI  phenomenon  from  the  measured  pressure  data  was  constructed  which  carefully  fit 
the  measured  data  and  kept  track  of  the  interaction  loci.  The  comparison  of  the 
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measured  OLS  and  computed  acoustic  waveforms  are  shown  in  figure  10  (ref.  21).  The 
general  waveform  was  well  predicted  in  the  right  wing  and  nose-booffl  microphones} 
however,  the  peak  amplitudes  .are  underestimated  and  the  pulse  widths  overesti¬ 
mated.  These  discrepancies  may  be  traced  to  experimental  frequency  response  limitS- 
tions  of  the  data  measurement  system,  analytical  modeling  of  the  measured  pressure 
data,  or  possibly  to  the  omission  of  quadrupole  sources  caused  by  transonic  flow. 

Based  on  the  model-  and  full-scale  experiments,  it  is  thought  that  compressi¬ 
bility  plays  a  significant  role  in  the  aerodynamics  of  BVI.  The  local  transonic 
flow  field  which  exists  during  BVI  has  initially  been  simplified  to  a  two- 
dimensional  (2-D)  encounter  with  the  vortex  passing  by  a  stationary  airfoil.  The 
governing  computational  fluid  dynamic  (CFD)  equations  are  then  numerically  solved  tO 
yield  both  the  aerodynamic  forces  and  the  radiated  noise.  The  transonic  Small 
disturbance  equation  was  used  with  a  concentrated  potential  (irrotational)  vortex 
structure  to  investigate  the  unsteady  pressure  fluctuation  on  the  airfoil  Surface 
and  the  propagation  of  acoustic  waves  to  the  far  field.  The  propagating  WavC  and 
its  structure  is  clearly  visible  in  figure  1 1  where  much  more  energy  is  seen  to 
propagate  in  the  upstream  direction  (ref.  22).  It  is  clear  that  the  computational 
technique  can  be  used  to  gain  insight  into  the  highly  complex  nonlinear  blade  vOrteX 
interaction  phenomena. 

In  order  to  validate  computational  codes  and  to  improve  the  physical  under¬ 
standing,  other  experimental  techniques  are  being  developed  under  the  Arfliy  supervi¬ 
sion  to  help  understand  the  basic  mechanisms  of  BVI.,  In  one  sUch  experiment,  an 
airfoil  was  placed  in  a  shock  tube  in  the  wake  of  a  vortex  generator  in  which  the 
2-D  airfoil-vortex  interaction  phenomenon  was  simulated.  The  event  was  measured 
with  pressure  transducers,  high-speed  Mach-ZehndCr  interferometry  (ref.  23) »  end 
holographic  interferometry  (ref.  24). 

This  pioneering  computational  and  experimental  work  is  in  the  beginning  stages 
of  development.  These  preliminary  results  are  encouraging  and  reaffirm  the  impor¬ 
tance  of  leading-edge  blade  geometry  on  the  BVI  problem.  In  the  near  future,  this 
work  should  be  able  to  suggest  leading-edge  geometries  that  tend  to  minimise  the 
airfoil  pressure  disturbances  leading  to  generation  of  less  BVI  acoustic  energy  that 
is  radiated  to.  the  far  field. 

Because  of  the  importance  of  the  trailing  tip  vortex  strength,  blade  tip  plan- 
form  should  have  an  important  effect  on  BVI  noise.  A  test  was  carried  oUt  in  the 
NASA  Langley  14  x  22  Foot  Wind  Tunnel  to  evaluate  the  potential  benefits  of  tip- 
shape  modification  in  alleviating  blade-vortex  interaction  noise  as  shown  in  fig¬ 
ure  12.  The  results  of  the  program  (ref.  25)  showed  that  a  tip  shape  can  be 
designed  such  that  a  modest  improvement  can  be  achieved  in  the  blade-vortex  interac¬ 
tion  noise  propagation  characteristics  as  Compared  to  a  rectangular  tip  shape. 
Furthermore,  a  test  prograJii  of  an  advanced  blade  design  for  the  Army'S  UH-1  helicop¬ 
ter  fleet  was  also  carried  out  in  the  14  x  22  Foot  Wind  Tunnel  to  determine  the 
performance  benefits  proyided  by  rotor  blade  planform  taper  as  shown  in  figure  13. 

It  appeared  that  the  advanced  rotor  design  did  not  significantly  reduce  the  blade- 
vortex  Interaction  noise,  while  high-speed  impulsive  noise  could  be  reduced  substan¬ 
tially  (about  8  or  9  dB  reduction)  (refs.  26  and  27). 
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Figure  10.-  Comparison  of  acoustic  waveform  between  measurement  and 

computation. 


11.  ACOUSTIC  AND  AERODYNAMIC  TEST  OF  A  MODEL  ROTOR  (AATMR)  PROGRAM 


A  new  joint  program  between  the  Army  and  the  rotorcraft  industry  has  been 
initiated  to  take  acoustic  and  aerodynamic  measurements  in  the  DNW  wind  tunnel  with 
advanced,  dynamically  scaled,  pressure  instrumented  model  rotor  systems  to  relate 
the  important  aerodynamic  phenomena  to  the  near-  and  far-field  acoustic  radiation. 

In  particular,  high-speed  impulsive  noise,  blade-vortex  interaction  noise,  and  low- 
frequency  harmonic  noise  are  being  studied.  Particular  test  objectives  are  (1)  to 
verify  existing  analytical  prediction  codes  for  acoustics  and  aerodynamics  with 
dynamically  flexible  blades,  (2)  to  compare  the  measured  data  with  full-scale  flight 
data  and  full-scale  wind  tunnel  data  and  develop  scaling  parameters,  and  (3)  to 
improve  blade  design  capabilities. 

A  first  test  was  performed  this  past  summer  under  a  joint  research  agreement 
with  the  Aeroflightdynamics  Directorate  (ARTA)  and  Boeing  Vertol.  Boeing  Vertol 
furnished  a  1/5  dynamically  scaled,  pressure  instrumented  model  of  the  BV  360  rotor 
in  the  DNW  wind  tunnel  (fig.  14)  which  was  tested  by  the  Army/Boeing-Vertol  with 
NASA's  assistance.  During  the  test,  the  on-line  digital  data  acquisition  and  pro¬ 
cessing  system  gathered  extremely  accurate  acoustic  and  pressure  signatures  of  the 
rotor.  In  addition,  very  low-speed  shadowgraph  photographs  were  taken  to  define  the 
epicycloid  patterns  of  tip  vortex  trajectories  and  a  photogrammetry  technique  was 
also  attempted  to  measure  the  live  twist  distributions  of  the  highly  elastic  BV  360 
rotor  blades.  The  data  reduction  process  is  under  way  and  results  will  be  available 
shortly  (ref.  28). 


5.  CONCLUDING  REMARKS 


This  paper  reviews  the  progress  made  in  helicopter  aerodynamically  generated 
impulsive  noise  by  Army  researchers  over  the  past  decade.  From  full-scale  flight 
tests  and  several  small-scale  model  wind  tunnel  tests,  it  is  clear  that  high-speed 
impulsive  noise  can  be  scaled  and  the  primary  scaling  parameter  is  the  advancing  tip 
Mach  number.  Also  improved  basic  physical  understanding  of  the  high-speed  impulsive 
noise  generating  mechanism  and  of  the  delocalization  phenomenon  has  been  substan¬ 
tially  achieved  for  use  in  the  design  of  advanced  blades  for  reduced  noise.  In  the 
case  of  blade-vortex  interaction  (BVI)  noise,  the  physical  understanding  of  the 
noise  generating  mechanism  is  not  as  complete  as  that  of  high-speed  impulsive 
noise.  However,  the  BVI  noise  can  be  scaled  for  low  advance  ratios  and  the  scaling 
parameters  are  advancing  tip  Mach  number,  advanced  ratio,  and  tip-path-plane 

angle.  Because  of  the  compressibility  effect  on  BVI  aerodynamics,  CFD  techniques 
are  now  emerging  for  understanding  the  basic  mechanisms  of  BVI  and  the  associated 
radiated  noise  mechanisms.  The  preliminary  results  are  very  encouraging  and  CFD 
techniques  should  help  to  design  a  blade  for  reduced  noise.  The  cooperative  pro¬ 
grams  between  the  Army,  NASA,  and  industry  have  been  very  successful  and  will  be 
continued. 
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